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FOREWORD 

A 111hort hi11tory of the development of the px·ediction methodl!l in thil!l Technical Note will 

permit the reader to compare them with earlier procedu. es. Some of thel!le methodl!l were first 

reported by Norton, Rice and Vogler [ 195SJ. Further development of forward scatter predictions 

and a better understanding of the refractive index otructure of the atmosphere led to changes re-

. ported in an early unpubll.shed NBS report and in NBS Technical Note 15 ( Rice, Longley and 

Norton, 1 9 59] . The methods of Technical Note 15 served as a basis for part of another unpublished 

NBS report which wao incorporated in Air Force Technical Order T. 0. 31Z-10-l in 1 961 . A 

preliminary draft of the current technical note was submitted as a U. S. Study Group V contribution 

to the CCIR in 1962. 

Technical Note 1 0 1 uses the metric system throughout. For most computations both a 

graphical method and formulas suitable for a digital computer are preaented. These include 

simple and comprehensive formulaa for computing diffraction over smooth earth and over irregular 

terrain, as well as methodo for e111timatl.ng diffraction over an isolated rounded ob111tacle. New 

empirical graphs are included for estimating long-term variability for aeveral climatic regions, 

balled on data that have been ma.ae available. 

For paths in a continental temperate climate, these predictions are practically the same 

as those published in 196 1. The reader will find a number of graphs have been simplified and that 

many of the calc'ulation111 are more readily adaptable to computer proaramming. The new material 

on time availability and service probability !.n several climatic regions 11hould prove valuable for 

areas other than the U. S. A. 

Changeu in this revilllion concern mainly section111 Z and 10 of volume 1 and annexe11 I, II and 

V of volume 2, and certain changes in notation and symbols. The latter changes make the notation . 

more consistent with stathltical practice. 

Section 10, Long-Term Power Fading contains additional material on the effects of 

atmospheric stratification. 

For convenience in using volume Z, those symbols which are found only in an annex are 

listed and explained at the end of the appropriate annex. Section 12 of. volume 1 lists and explains 

only those symbols used l.n volume 1 . 

Note: Thb Technical Note con!il.sts of two volumes as indicated in the Table of Contents. 

il. 
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Annex I 

AVAILABLE DATA, STANDARD CURVES, AND A SIMPLE PREDICTION MODEL 

The simplest way to predict long-term median transmission loss values would be to 

use a best-fit curve drawn through measured data (repre sented by their overall median value s) 

plotted as a function of path length. Such a method ignore s  e s sentially all of our under standing 
of the physic s of tropospheric propagation, is subject to especially large errors over rough 

terrain, and such empirical curves r epresent only the conditions for which data are available . 
Curves that may be useful for e stablishing preliminary allocation plans are presented 

in section I. Z of this annex, These "standard" curves were prepared for a fixed combination 
of antenna heights and as sume propagation over a smooth earth. The curves are not suitable 

:for use on particular point-to-point paths, since they make no allowance for the wide range 

of propagation path profile s or atmospheric conditions that may be encountered over par ticular 
paths .  

A method for computing prel1minary reference value s of  transmission los s is described 
in section I. 3. This method is ba111ed on a simple model, may readily be progz·ammed, and i s  
e specially useful when little is known of  the details of terrain. 

I. 1 Available Data as a Function of Path Length 
Period-of-record median values of attenuation relative to free space are plotted vs . 

distance in figures I. 1 to I. 4 for a total of 750 radio paths, separating the frequency ranges 

40-150 MHz, 1 50-600 MHz, 600 - 1 000 MHz, and 1-10 GHz. Major sources of data other 

than thoae refel:enced by Herbstreit and Rice [1959] are either unpublished or are given by 

Bray, Hopkins, Kitchen, and Saxton (1955]. Bullington (1955], du Castel [1957b), Crysdale 
[1958], Crysdale, Day, Cook, Psutka, and Robillard [1957], Dolukhanov (1957]. Grosskopf 

[1956), Hirai [ 196 la, b), Josephson and Carlson (1958j, Jowett [1958]. Joy [l958a, b], Kitchen 
and Richmond ll957], Kitchen, R ichar ds, and Richmond (1958]. Millington and Is ted [1950]. 

Newton and Rogers [1953). Onoe, Hirai, and Niwa (1958], Rowden, Tagholm, and Stark 

(1958]. Saxton [1951], Ugai [1961], and Vvedenskii and Sokolov (1957]. 

Three straight lines were determined for each of the data plots shown in figures I. 1 

to I. 4. Near the trrt,nsmitting antenna, A= 0 on the average. Data for intermediate dis-. 1 
tances, where  the a�erage rate of diffraction attenuation is appr oximately 0. 09 {3 db per 
kilometer, dete\mine;, a second straight line . Data for the greater dis tances, where the level 
of forward scatter :l'ieilds i s  reached, determine the level of a straight line with a slope varying 
from 1/18 to 1/14 db P.er kilometer, depending on the frequency. 

The da�h?ht't curves of figure s  I. 1-I. 3 show averages of broadcas t  signals recorded at 
Z500 randtlm locations tn s ix different areas of the United States. The data were normalized 
to '.Q�meter and 300-meter antenna heights, and to frequencie s  of 90, Z30, and 750 MHz. 

I-1 



For thili data mample [TASO 1959]. average fields are low mainly because the receiver loca­

tions were not carefully selected, as they were for most other paths for which data are shown. 

The extremely large variance of long-term median transmission loss values recorded 

over irregular terrain is due mainly to differences in terrain profiles and effective antenna 

heighte. For a given distance and given antenna heights a wide range of angular distances is 

poasible, particularly over short diffraction and extra-diffraction paths. Angular distance, 

the angle between radiQ horizon rays from each antenna in the great circle plane containing 

the antennas! is a very important param�ter foT t�ansmiasion loss calculations, (see section 
6). Figure I. 5 shows for a number of paths the variability of angular distance relative to 

itlll value over a smooth spherical earth as a function of path distance and antenna heights. 

Most of the 11scatter11 of the experimental long-term medians shown in figures I. 1 -

I. 4 is due to path� to-path differences. A small part of this variation is due to the lengths of 

the recording periods. For all data plotted in the figures the recording period exceeded two 

weeko, for 630 p!.!.ths it exceeded one month, and for 90 paths recordings were made for more 

than a year. 

An evaluation of the differences between predicted and measured transmission loss 

values is discussed briefly in annex V. In evaluating a predict:..on method by its variance 

from oboerved data, it is important to remember that this variance is strongly influenced by 

the particular data sample available for comparison. Thus it is most important that these 

data IIHil.mples be as :reprementative as possible of the wide range of propagation path conditions 

likely to be encountered in the various types of service and in various parts of the world. 

To aid in deciding whether it is worthwhile to use the point-to-point prediction method 

outlined in sections 4 - 10, instead of simpler methods, figure I. 6 shows the cumulative dis­

tribution of deviations of predicted from observed long-term median values. The dash-dotted 

curve shows the rumulative distribution of deviations from the lines d!'awn in fi·gures I. 1 -

I. 4 for all available data. The solid and dashed curves compare predictions based on these 

figures with ones using the point-to-point method for the same paths. Note that the detailed 

point-to-point method could not be used in many cases because of the lack of terrain profiles 

Figure I. 6 shows a much greater variance of data from the 11empirica1ii curves of fig- · 

ures I. 1 -I.  4 for the sample of 750 paths than for the smaller sample of ;u'7 paths for whi�·
h 

terrain profilem are available. The wide scatter of data illsutrated in figure I. 4 for the fre­

quency range ·1 - 10 G Hz appears to be mainly responsible for thiB. Figur'e I. 4 appears to 

show that propagation iB much more sent!litive to differences in terrain pr'ofiles at these higher 

frequencies, as might be expected, The point-to-point prediction methods, depending on a 

number of parameters besides distance and frequency, are also empiricail, since they are 

made to agree with available data, but estimates of their reliability over a period of years 

have not varied a gl'eat deal with the size of the sample of data made available for compari­

son with them. 



l. 2 Standard Point-to-Point Tran11miuion Lou Curve11 

A aet of standard curve11 of bade tran11mi111i l. on loee veraus distance is presented in 

fl.gureo I, 7 to I. 26. Such curve111 may be useful for establishing preliminary allocation plans 

but they are clearly not ou!.table for use on particular point-to-point patho, since they make 

no allowance for the wide range of propagation path terrain profilem or atmo1pheric condi­

tions which may be encountered, Similar curvee developed by the CCIR [ 1963g; 196lh] are 

11ubject to the nme limitation. 

The standard curveo ohow predicted levels of basic transmission loss versus path 

distance !o:r 0. 01 to 99. 99 percent of all houra. These curves were obtained using the 

point�to$point predictions for a smooth earth, Nil = 301, antenna heights of 30 meters, 

and estimates of oxygen. water vapor, and rain aboorption described in section 3. Cumu­

lative diotribut!.ons of hourly median transmiuion lou for terrestrial links ma:y be read 

from figures I. 7 to I. 17 for distances from 0 to 1000 kilometers and for 0. 1, 0. 2, 0, 5, 

1, 2., 5, 10, 2.2, 3Z. 5, 60 and 100 GHz , The same information may be obtained from 

figureo !,18 to 1. 20. 

For earth-space links, l.t is important to know the attenuation relative to free space, 

A, between the earth station and space station as a function of distance, frequency, and the 

angle of elevation, e
h

, of the space 111tat1on relative to the horizontal at the earth station 
* 

[ C CIR l963i; l963j ] .  Using the CCIR bailie reference atmosphere , [ CCIR Report 231, 

l963e]llltandard propagation curvu providing �is information for 2, 5, 10, 22, 32. 5, 60 

and lOOGHz , for O.O l to 99.99 percent of all houu, and for El
h

=O, 0,03, 0.1, 0.3, 

l. 0, and w /2 radianll are shown in figures I. 21-I. 2.6, where A is plotted against the 

11traight-1ine distance r 0 between antennas. The relationship between A and L
b 

is 

given by 

L
b 

"' A + L
b£ = A + 32. 45 + ZO log f + 20 log r db (1. 1) 

where f is the radio frequency in megahertz and r is the straight-line distance between 

lil.ntennas, exprellltlled l.n kilometers. 

The curves in figures I. 7-I. 2.6 provide long-term cumulative distributions of hourly 

median valueD, Such standard propagation curves are primarily useful only for general 

qualitative analysell and clearly do not take account of particular terrain pt·ofiles or par­

ticular climatic effectlll, For example, the transmislllion loss at the 0.1% and 0.1% levels 

will be substantially mmaller in maritime climates where ducting conditions are more 

common, 

"' 
The transmi111111ion lollls predictions for this atmosphere are eesentially the same ao 

predictions for N "' 30 l. 
Ill 
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ANGULAR DISTANCE VERSUS DISTANCE FOR THE 290 PATHS FOR WHICH 
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I. 3 Preliminary R eferenc e  Values of Attenuation Relative 

to Free Spac e, Ac r  

I .  3 ,  1 Introduction 

Three main e lements of the pr oblem of pre dic tion are the intended application, the 

c haracte ristics  of available data, and the basis of re levant pr'opagation model s ,  The the oret­

ical basis  of the model pr oposed here ia a imple, and ita advantage s and limitations ar e ea sily 

demons trated .  Pre liminary comparis ons with data indicate standard e r r or s of prediction c on­

s ide rably gr eater than those a s s ociated with the s pec ific methods de s c r ibed in volume 1, which 

are designed for par ticular applicationa.  However, the method desc ribed below is e specially 

useful when little is known of the details of ter r ain; it  may readily be pr ogrammed for a digital 

c ompute r ;  and it is adequate for most applications whe r e  a preliminary calc ulated r efer enc e 

value A
c r 

of attenuation relative to fr e e  s pace is desired.  The minimum pr edic tion param­

eters required  are frequency, path dis tanc e, and effective antenna heights . F or the other 

paramete r s  mentioned typical values are sugg e s ted for situations whe r e  accurate values are not 

known. 

For radio line - of- sight paths the c alc ulated r eference value A
c r  

is either a "for e ­

gr ound attenuation" A
f 

or a n  extrapolated value o f  diffrac tion attenuation A
d

, whic hever i s  

g r eater , F or transhorizon paths, A
c r  

is either equal to A
d 

. or to a forward s c a tter attenua­

tion A 11 ,  whichever is smalle r .  

I .  3 .  2 The Terrain R oughne s s  Fac tor Ah 

Differ ent type s of te r rain are diatinguiBhed ac c or ding to the value of a te r r ain r ough­

neu fac tor Ah . Thill ia the inter dec ile · range of ter rain heights in mete r s  above and below a 

straight line fitted to the average s lope of the terr ain . When terrain pr ofile s a r e  available Ah 

is obtained by plotting terrain heights above aea level, fitting a s traight line by least squar e s  

to define the ave rage s lope and obtaining a c umulative distribution of deviations of te rrain heights 

fr om the s traight line . Or dinarily Ah will inc r e a s e  with distanc e to a n  asymptotic value . This 

is the value to be used in the s e  c omputation s ,  

W hen te r rain pr ofiles a r e  not available e s timates of .:.'l. h  may be obtained fr om the fol­

lowing table : 

TABLE I. 1 

Type of Ter rain 

Water or very smooth terrain 

Smooth te r rain 

Slightly r olling ter rain 

Hilly terrain 

Rug ged mountains 

I-29 

Ah (mete r s) 

0 - 1  

1 0 - 20 

4 0 - 60 

8 0 - 1 50 

2 0 0 - 50 0  



I. 3 , 3 The Diffraction Attenuation Ad 
If the earth is smooth .A d = R is computed using the method d e s c r ibed in section 8 of 

volume 1 .  Ii the te rrain la ver y irregular, the path h conside red a a  though it were two simple 
knife edge s :  a) transmitter afir st ridse - aecond r l.dge,  and b) fir s t  ridge - s e c ond rldae• 

r eceiv e r ,  The total diffraction attenuation K h then the aum of the loa s e e ove r  each knife - e dge . 

K = A (v l ' 0) + A (v 2., 0) (I.  1) 

The s e  func tiona are defined by (I. 7) to (I,  12.) , 

The main featur e a  of a tranehorb:on propagation path are the r adio horizon obataclee,  
the r adio horizon rays and the path dillt.anc e d,  which I.e areater than the sum dL of the die ­
tanc e a  dLt and dLr to the r adio horizons of the antenna s .  The diffrac tion attenuation Ad de ­

pends on d ,  dLt ' dLr , the minimum monthly mean surfac e refrac tivity N8 , the radio fr e -

quenc y £ i n  MHz, the ter rain r oughnes s  factor �h . and the sum e o f  the elevations e and e e t  
eer of horizon rays above the horizontal at each antenna. The latter ,parameter s may b e  meae-
ur ed, or may be calculated using ( 6 .  1 S) of volume 1. 

In general, the diffraction attenuation Ad is a weighted ave rage of K and R plus 

an allowanc e Abo for aba or ption and s catte rl.ns by oxysen. water vapor, precipitation, and 

terrain clutter:  

wher e  A b an empirical weish&a factor: 

e .. e + d /a radiano, e 

a =  6 370 / [  1 � 0 , 0 4 6 6 5  exp ( 0 , 00 5577 N ) ]  
• 

(1. 2) 

(l. 3) 

(1. 4) 

(I. 5) 

(I.  6) 



The angular distance e is in radiana and the wavelength � is expres s ed in meter a , The 

parameter (a 9 + dL) / d  in (I .  5) is unity for a smooth earth. where t::. h/� is small and II. 2'.! 1 .  

For ver y  ir regular terrain, both t::.h/� and (a 9 + dL) / d  tend to be large so that II. 2'.! 0 .  

The following set of formulas used to calculate K and R are consistent with section& 

7 and 8, volume 1.  

v
1 2 

= 1 . 2 9 1 5  a [£ d fd-d ) / (d-d + d ) 1t , L t, r L L L t, r j { 6 . 0 2  + 9 . 1 1  v - 1 . 2 7 v2 for 0 < v :s 2 . 4  A(v, 0) = 

1 2 .  9 53 + ZO log v for v > 2 .  4 

B 
01 

l 
C = ( 849 7 / a fi OS S 

z 
a

2 
= d

L 
/ (2  h ) a = D / 9 r r e  s s 

(I .  7) 

(I. 8)  

,, 

(I. 9) 

(I. 10) 

(I. 1 1) 

(I. l Z) 

If the path dis tance d h leu than d
3 

a s  given by (1. 1 3) ,  it is advhable to calculate 

A
d 

for larger dlstancea d3 and d4 and to extrapolate a s traight line through the points 

(A
d$

, d3 ) and (Ad• ' d
4

) bac k to the delired value (A, d) , The following is sugges ted for d
3 

and d
4

: 

I. 3 .  4 The Forward Scatter Attenuation, A 
s 

(I. 1 3) 

The scatter attenuation A
s 

for a transhorlzon path depends on the parameters  d ,  N9 , 
f ,  6 e , h

te , h
r e  and Abs • If the product 6 d of the angular distance 6 and the diatance d is 
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li! A' "atcr thun 0 ,  5 ,  tht' for w a r d  o c e. tte r atttmua tion A s h c a h: ula tcd £o1· c ompa d s on wilh Ad : 

A = s 

S +  1 0 3 . 4 + 0 . 3 3Z e d - 1 0 log ( 9 d) for O . S <  9 d :!> 1 0  

S +  9 7 . 1 + 0 . 2 1 2  9 d - 2 . :, log ( 6 d) for 1 0 :5 9 d  s 7 0  
S + 8 6. 8 + 0 . 1 57 9 d + 5 l o g (O d }  for O d 2: 70 

4 5 = H0 + 10 log ( £ 6 ) - 0 . 1 ( N s - 3 0 1 )  exp ( - 6 d / 40) + Abs 

H 0 = J tf- + f-]tl-e f I 0 .  oo 7 - o .  o 58 e I ] or 
- te r e  

H = 1 5  db , whiche v e r  is smaller .  0 

The r e f e r e nc e  attenuation Ac r  = As i£ A s < A d · 

I. 3 .  5 Radio Line - of-Sight Paths 

( I. 14) 

( I .  1 5) 

( I .  1 6) 

For line - of - s ight paths the attenuation r e lative to f r e e  s p a c e  inc r ea s e s  abruptly as d 
approaches d L , so an e s timate of dL is r equired in order to obtain Ac r . F or sufficiently 

high antenna s ,  or a sufficiently smooth earth, ( se e  [ I . 1 8 ) ) ,  dL t  and dL r  a r e  expe c ted to 
equa l the smooth earth valu e s  dL s t  and dL s r : 

dL = ....0 . OOl a ht km, d = ..,.0 .  0 0 2  a h km s t  e L o r r e  
(I .  1 7) 

wher e  a is the effective earth' s r adius in kilomete r s  and hte , hr e  a r e  heightil in .mete r s  
above a single r efle c ting plane which ill a s sumed to r e p r e sent the dominant effec t  of the ter r ain 
between the antennas or between each antenna and ita r adio h.orizon . The effe ctive reflec ting 
plane is usually dete r mined by inspection of the portion of ter rain which ia visible to both an-

tenna s . 
For a " typical" or " median" path and a given type of te r rain dL t  and dL r  may be e s ­

timated as 

d L . = dL [ l ::t: 0 . 9 exp( - l . 5 "--h l h)] km t st te 

dL = dL [ 1 ::1: 0 .  9 exp( - 1 .  5 vh / h) )  km , r or r e  

(I .  1 8 a) 

( I .  1 8 b) 

If for a median path an antenna is located on a hilltop, the plus sign in the c or r e sponding squar e 
bracket in (1 .  l 8 a) or ( I .  1 8 b) is used, and if the antenna ill behind a hill, the minus sign is u s e d .  
If  dL = dLt + dL r is le u than a known line - of-sight path distance d ,  the e s timate s ( I . 1 8a) 
a!ld ( I .  l 8b) are each incr ea!!led by the ratio ( d /  d. ) so that d, = d . L '-" 
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F o r  example, in a br oadc as ting situation with hte = 1 50 mete r s ,  hr e  = 1 0  mete r s ,  and 
�h = 50 meter s,  ( I .  1 8) u s ing minus s igns indicates that dLt" 0 . 97 dL s t and dLr = 0 . 6 3 dL s r . 

For s mall g razing angle s,  ( 5. 6) and ( 5 . 9) of volume 1 may be c o mbined to d e s c ribe 
line- of-sight pr opagation ove r a perfe c tly- c onduc ting s mooth plane earth :  

3 
A = 20 1 r �.. d 

• 
1 0  1 db og 

4.,. h h ( I .  1 9) 
� te r e  · 

whe r e  d is in kilom e te r s  and hte , hr e , and the radio wave le ngth t.. a r e  in mete r s .  This 

formula is not applicable for s mall value s of t.. d/  ( hte hr e) ,  whe r e  the median value of A is ex­
pected to be z e r o .  It  is pr opoe e d  ther efor e  to a dd unity to the ar gument of the log a rithm in ( I .  1 9) .  

The expr e s sion (I. 1 9) is most us eful when d ill la r g e  and ne arly equal to dL . B e tte·r 
3 a g r e e ment with data is obtained if d is r e plac e d  by dL and the con s tant 1 0  / ( 4 .,. )  is r e plac e d  

b y  tl.h/ "1.. , the te r rain r oughne s a  factor expr e s s e d  i n  wavelengths . A c c ordingly, the for e g r ound 
attenuation fac tor A£ can be written aa 

( I .  20) 

The absor ption Ab s  defined following (I. 2} ia dis c u u e d  in e e c tions 3 and 5 of volume 1 .  F or 
frequencie s l e s e  than 1 0 , 000 MHz the maj or c omponent of Ab s  is usually due to t e r rain c lutter 
auch as vegetation, building a ,  bridg e e ,  and pow e r  line a .  

F o r  distanc e s  a mall enough e o  that Af i s  g r eater than the diffr ac tion attenuation e x ­
trapolated into t h e  line - of-sight r egion, the calculated attenuation r e lative to fr e e  space Ac r  
is given by ( I ,  20} and depends only o n  hte , hr e , tl.h , Ab8 

and an e s timate o f  dL . F o r  long 
Une - o£- sight patha, the for e g r ound attenuation given by (I. 20} is le s s  than the extrapolated dif­
frac tion attenuation Ad , s o  Ac r  = Ad .  

If dLt ' dL r , and 98 a r e  known, the s e  values a r e  used to c alc ulate Ad . Oth.erwise,  

( I .  18}  may be u s e d  to e s timate dLt and dL r , and ee is calculated a s  the sum of a weighted 

average of e s timate s of ae t  and ee r  for smooth and r ough e a r th .  F or a s mooth e a r th, 

a = -0 . 00 2  h / dL radians , e t, r te, re t, r 

and for extr emely i r r e gular ter rain it has been found that median value s a r e  nearly 

a t = ( tl.h/ 2} I ( dL t 
3 

• 1 0  } radians . e , r , r 

U s ing d L t  / dL and ( 1 - d / -d } r e s p e c tively a s  weights, the following 
, r 8 t, r L t, r L s t, r 

formula is sugg e s te d  for e s timating e when this parameter i11 unknown: et, r 
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. 
d 0 .  000 5 [( L s t, r \ 1 9 = -

d
-- -

d
-- • 1 ) &\h - 4 h radians et, r L st, r Lt, r te, re . 

9 = 9 + 9 or 9 = - dL / a ,  whichever is larger algebraically, e e t  e r  e 

(I . 2 la) 

(I . 2 l b) 

As explained following (I. 1 2) ,  the formulas for Ad r equire a path distance d greater 
than d3 • For a line - of-llllght path d ill always leu than dL , so Ad is calculated for the 
dill tancu d3 and d4 given by (I. 1 3) and a straight line through the points (A3, d3) and (A4, d4) 

ill extrapolated back to the dedred value (A, d) , Thill s traight line has the formula 

whe r e  

The sti'aight line given by (I . 22) inte r s e c ts the level A £  whe r e  the path distance is 

F or d > df , A = Ad cr • 

I .  3 .  6 Range s  of the Prediction Paramete r s  

(I. 22) 

(I .  23) 

(I.  24) 

(I . 2 5) 

(I . 26a) 

(I . 2 6b) 

The111e e a til'l'l.Qtes of Ac r  a r e  intended for the following range s  of the basic parameter s :  

TABLE I. 2 

20 :s f :s 40, 000 MHz 

'A. / 2  :s h :s 10, 000 m te, r e  
- d  I a :s 9 :s 0 . 2 radians L e 
0 · 1 dL st :s dLt s 

3 dL s t  
0 :s L&h :s 5 0 0  m 

1 :s d :s 2000 km 
2 50 s N s 400 

• 
0 :s Abe :s 50 db 
0 . 1 dL a:r :s dLr s 3 dL sT 



I. 3 .  7 Sample Calculation• 

Table I. 3 llata a aet of aample calculation• referring to the example introduced after 

Table I. 1 .  Value a for the following independent parameter a are aaeumed: h = 1 50 m , h = . � re 
10 m ,  Ah = 50 m, N = 30 1 ,  f =  700 MHz . d

L = 49 . 0  km , dL = 8 . 2 km , 9 = -0 . 00634 . 1 t r e 
radlanl!, Aba = 0 db . An appropriate equation number la liated in parentheses after each of 

the calculated parameter s  in Table I. 3 .  For theae  calculations the arbitrary distance d3 waa 
2 1 set equal to dL + 1 inetead of dL 

+ 0 , 3 (a / f) 3  · 

dL = 57. 2 kin 
Ah/ 'A. = 1 1 6 . 8 

d3 to 58 . 2  km 
9

3
"' 0 , 000 514 rad. 

v3 = 0 , 09 6  

v1 3 = 0 . 0 l 74 

v2 3 :: 0 , 0 1 6 6  

v3 p3 = 0 . l0 

p3 = 1 . 04 

A (v 3, 0) = 6 .  9 db 

A (v1 3, 0) = 6 . 2 db 

A (v2 3, 0) = 6 . 2 db 

A (O, p3) = 1 6 . 0 db 

U (v 3, p3) = - . 9 db 

K3 = 12 . 4 db 

R3 • 18 . l dB 

a 9
3 

+ dL _....,.......,;;;.. = 1 • 0 58 
d3 

.i\3 " 0 . 667  

Ad,
= 29 . 5 db 

d
3 93 = 0 , 0 299 

A = 29 .  5 db Cr3 

TABLE I.  3 

(I. 4) a =  8493 km 

Af = 9 . 3 db 

d
4 

= 1 0 5 . 1 km 

94 = 0 . 00603 rad. 

v4 = 1 . 9 5 

v 14 = 1 . 0 14 

v24 = o .  546 

v4 p4 = 1 . 8 7 

p4 
= 0 . 96 

A (v4, 0) = 1 8 . 9 db 

A (v 14, 0) = 14 . 0 db 

A (v24, 0) = 10 . 6  db 

A (O, p4) = 14 . 7 db 

U (v4, p4) = 14 . 7 db 

K4 
= 24, 6 db 

R4 = 55 . 3 db 

a 94 + dL -�-:::. = 1 . 0 32 d4 
.i\4 = o .  669 

A d• 
= 58 . 5· db 

d4 94 = 0 . 634 

H04 = 3 . 8 db 
s 4 = - 56 .  5 db 

A54 = 49 .  1 db 

A = 49 . l db cr• 

(I.  6) 

(I. 20) 

(I. 1 3) 

(I. 5) 

(I .  7) 

( I .  8) 

(I .  8) 

(I .  9) 

(I. 9) 

(I. 10) 

(I .  10) 

( I .  10)  

(I .  1 1) 

(I .  l Z) 

(I .  6) 

(I .  5) 

( I .  3b) 

( I .  3a) 

( I .  1 6) 

(I .  1 5) 

(I .  14) 

For thie exao.mple, M = 0 ,  619 db/ km , Ae = - 6 . 49 db , and df 
= 2 5 . 5 km . The c orresponding 

baeic tran111mileion loa e . Lb and field etrength Eb 
for distances  lees  than df are 98 . 6 5 + cr cr  

20  log d db and 97 .  62 • ZO log d db , .respectively, correeponding to  a c onstant value A = cr  
Af " 9 .  3 db . In  general: 
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L
bcr ::: 32 . 4 5 + 20 log d + 20 log f + A

cr db 

E
bcr = 10 6 . 92. - 20 log d - A

cr db 

F or the example given above, L .... _ = 1 54 .  2 db , L
b 

= 178 . 9 db , E = 4Z.  1 db , and 
..... rs cr • bcr3 

E
bcr4 :: 1 7 ,  4 db • 
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Annex II 

AVAILABLE POW E R ,  FIELD STRENG TH AND MULTIPATH COUPLING LOSS 

II. 1 Available Power from the Rec eiving Antenna 

The definition• of 11ystem loe a  and transmis sion loss in volume 1 de pend on the concept 

of available powe r ,  the power that would be delivered to the receiving antenna load if its 

o impedance were c onjugately matched to the receiving antenna impedance .  For a given radio 
I 

frequency v in he rtz, let zlv
' z

v 
, and zv represent the impedances of the load, the 

actual lossy antenna in its actual environment, and an equivalent loss -free antenna, r e s ­

pe ctively: 

zlv 
rlv + i x

lv 
(II. l a) 

z '  = r ' + i x '  v v v (II. 1 b) 

z r + i x  v v v ( II . lc)  

where r and x r e pre s ent resistance aDd r eac tance, r e s pec tively. Let w1 v rep-

re sent the power delivered to the receiving ante._na l oad and write w�
v 

and w
a v

' resp·ectively, 

for the available power at the terminals of the actual receiving antenna and at the ter minal s 

of the equivalent los s - free rece iving antenna. If v' 
v 

is the actual open- circuit r . m .  s .  

voltage a t  the antenna term inal s ,  then 

v•
2

r 
v lv 

wlv = -jz_'_+_z_J.
_I..,.2 

v v 
(II. 2) 

* 
W hen the load impedance c onjugately matche s the antenna impedanc e ,  so that z1v = z� or 

r
lv = r� and x1v = - x� , (II . 2) s hows that the powe r wl v  del ive red to the load is equal to 

the power w' a v  
available fr om the actual antenna : 

w' 
a v  

, 2  v v 
- 4 r' v 

( II .  3) 

Note that the available power from an antenna depends only upon the characte ristics of the 

antenna, its open- circuit voltage v' and the re s istance ·  r '  and is independent o f  the l oad 
v .  v • 
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impedance .  Comparing (II. Z) and (II. 3) , w e  define a miematch lou factor 

(II. 4) 

such that the power delivered to a load equals w�/lm 11 • When the. load impedance conju­

gately matche s the antenna impedance,  lm 11  has its minimum value of unity , and w1 11  = 

w' • For any other load impedance, s omewhat le s s  than the available power is delivered to 
a ll  

the l oad, The power available from the equivalent loss-free antenna is 

2 
v II 

wa ll = ,f;'"" 
II 

where v is the open circuit voltage for the equivalent loss - free  antenna, 
II 

(II. 5) 

Comparing (II. 3) and ( II.  5) , it should be noted that the available power w' at the 
av 

terminals of the actual lossy receiving antenna is less  than the available power wa l'  = l ervw�i' 
for a los s-fr.ee antenna at the same location as the actual antenna: 

2: 1 • (11. 6) 

The open circuit voltage v� for ihe actual los sy antenna will often be the same as the open 

circuit voltage v I' for the equivalent los s - free antenna, but each receiving antenna circuit 

must be considered individually.  

Similarly, for the transmitting antenna, the ratio of  the total power w�11 deliver ed to 

the antenna at a frequency I' is 1etv times the total powe r wtv radiated at the frequency v: 

letv :;;; w�J w til • (II.  7) 

The concept of available power from a transmitter is not a useful one, and le tv for the trans ­

mitting antenna is be st defined a s  the above ratio. However, the magnitude of this ratio can 

be obtained by calculation or measurement by treating the transmitting antenna as a'receiving 

antenna and then determining .tetv to be the ratio of the available received power s  from the 

equivalent los s-free and the actual antennas,  respectively. 

General dielcussions of L er v are given by Crichlow et al.[ 19 55]  and in a r eport pre -

pared under CClR Resolution No. 1 [ Geneva 1963c ) . The lou factor l was succ enfully erv 



dete rmined in one caae by mea s uring the powe r wt11 r adiated from a los s - free target tra ns­
mitting antenna and calculating the transmission los s between the target transmitting antenna 
and the receiving antenna , There appears to be no way of dir ectly meas uring either l or er v 
l without calculatina a omo quantity auch aa the radiation r e l iatance or the tran1mil a ion e �  . 
los s .  In the case of reception with a unidirectional rhombic t e rminated in its characteristic 
impedance, I. c ould- theoretically be greater than 2 [ Harpe r ,  1 941 ] ,  s ince nearly half 

. erv 
the received power is dis s ipated in the terminating impedance a nd s ome i s  dissipated in the 
g r ound, Measurements were made by Christians en [ i 947] on single and multiple wire units 
and a r rays of rhombi c a ,  The ratio of powe r l ost in the termination to the input powe r varied 
with frequency and was typically l e s s  than 3 d? · 

For the frequency band · v1 to 
tors L and L as follows : 

11 it is convenient to define the effeCtive l os s  fac-

er · et 

L er 

L e t  

m 

a 10 log 

.. 10 log 

II 

s

m 
(d wa .Jdll) d ll  

"'I. db (II. 8) 

s lim (d � .Jdll) d ll  
Ill 

II s m 
(d �/dll) d ll  

Ill. 
.P,b (II. 9l 

S "m (d w
tll

/d ll )  d v 
Il
l 

The limits "
l 

and "'m on the integrals ( II. 8) and (II. 9) are chosen to include e s ­
s entially all of the wanted signal modulation aide bands , but r.-1 i s  chosen to b e  sufficiently 
large and If s ufficiently small to exclude any appreciable harmonic or other unwanted radia-m 
tion emanating from the wanted signal transmitting antenna . 

•/ . . .  



Il. Z Propagation Loss and Fie ld Strength 

This s ubsection defines terms that are most useful at radio frequencies l ower than 

those whe re tropospher ic propag,a.tion effects are dominant, 

Repeating the definitions of r and r' used in subsection II. 1, and introducing the new 

:: antenna radiation resistance,  rt, r 
r '  = resistance component of antenna input impedance ,  

t . r 
r

. 
r ::: antenna radiation resistance in free s pace, 

ft, fr 
where subscripts t and r refer to the transmitting antenna and receiving antenna, respec-

tively, Next define 

L "' 10 log ( r 't/ rt) , L = 10 log (r'  / r  ) 
et er r r 

L = 10 log ( r  / r f ) = L£ • L rr r r r er 

(U. 10) 

( II .  1 1) 

(Il . 1 2) 

(.II . 1 3) 

[ Ac tually, (Il. 8) and (Il. 9) define Let . and Ler 
while (ll. lO) defined rt and rr' given r � 

and r�] ,  

Propagation lou fir st defined by Wait [ 1 9 5 9 )  is defined by the C CIR 
[ 1 963a)  as 

Basic propagation lou is 

L = L - Lft. L f = L - L t - L db • p s r r r r  

L b = L + G p p p 

(II.  14) 

( Il .  1 5) 

Basic propagation loss in free space is the same as the basic transmission loss in fre e  space,  
Lbf" defined by (ll. 74) , 

The system loss Ls defined by ( Z , l )  is a meae:urable quantity, while transmis sion loss 
L ,  path loss L

0
, bas ic transmission loss Lb, attenuation relative to free space A ,  propa­

gation loss L , and the field strength E are derived quantities ,  which in general require a p 
theoretical calculation of L t and/or L&+ f as well as  a theoretical estimate of the los s e ,  er .. ., r 
in path antenna gain L a n' "' ""  
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The following paragraphs explain why the c oncepts of e ffec tive power ,  and an 

equivalent plane wave field strength are not rec ommended for repor ting propagation 

data. 

A half-wave antenna radiating a total of wt watts produces  a free spac e field 

intensity equal to 

S 0 (II. 1 6) 

at a dis tance r kilometers  in its equatorial plane, whe re  the dir ec tive gain i s  equal to its 

maximum value 1 ,  64 , or 2. 1 5  db , The fie ld is linear ly polarized in the direc tion of the 

antenna . In general, the fie ld intensity s at a point -; in fre e  spac e and associated with p 
the principal polarization for an antenna is 

s (rj p w g ( r) l (4rr r
2
) watts l km

z 
t p ( II .  l 7) 

as explained in a later subsec tion. 

dir ective gain in the direction r .  
In ( II .  1 7) ,  r = r r and g ( r) is the princ ipal polarization p 

A similar r e lation holds for the field intensity s (;j as­c 
soc iated with the c ros s-polarized component of the field. 

Effective radiated power is  associated with a presc r ibed polar ization for a test antenna 

and is determined by c omparing s0 as calculated using a field intensity meter or s tandard 

signal source with s as measured using the tes t  antenna: p 

Effective Radiated Power = W + 10 log ( s  I s  ) = W + G ( r
1

) - 2 .  1 5  dbw t p 0 . t pt (II . 1 8) 

where  G ( r 1 ) is the principal polarization dir ec tive gain re lativ e' to a half-wave dipole in the pt 
direc tion r 1 towards the r ece iving antenna in free space , and in beneral is the initial direc tion 

of the mos t important propagation path to the rec eive r .  

These  difficultie s i n  definition, together with those which some times  arise in attempting 

to s e pa r a te charac teristic s of an antenna fr om those of its e nv i r onment, ma ke the effec tive 

radiated power an inferior parameter,  c ompared with the total radia ted power W t ' which 

can be more readily measur ed ,  The following equation, with W t deter mined f r om (II . l 8 ) , 

may be used to conver t  reported value s of Effec tive Radiated Power to e s timates of the trans-
mitter power 

.
output W when transmission line and mismatch los ses  L ,  t and the power £ t . . ' 

radiation efficienc y 1 I 1 e t  are  known: 

W = W '  + L = W + L + L dbw l t t l t t et l t ( II .  19) 

The e l <> c tr omagne tic fie ld is a c omplex vec tor function in s pa c e  and ti1ne, and informa­

tion about amplitude, polarization, and j)hase ill r equir ed to descr ibe it . A r eal antenna re­

sponds to the toti!.l. field surrounding it, rather than to E ,  which corresponds to  the r .  m.  s .  

amplitude of the usua l " equivalent11 e lec tr omagnetic field, defined a t  a single point and for a 

spec ified polarization . 

II- 5  



Conllider the power &ve raged over each half cyc le lUI the "instantaneous" available 
etgnal power, w 

'IT 

2 w'ff :z v / Rv watto 

where v is the r .  m. 111 . algnal voltage and Rv ia the r eal part of the impedance of the re­
ceiving antenna, expre11 11ed in ohms . The oignal power w 'IT available from an actual receiving 
antenna is a directly measurable quantity. 

The field s trength and power flux density, on the other hand, cannot be meaoured di• 
rectly, and both depend on the environment. In certain idealized situations the relationship 
of field strength e ,  and power flux density, e ,  to the available power may be expressed aa 

2 2 2 111 = e  / z = w  4'ff / (g>.. ) watts / m  
'IT 

where e ill the r .  m, Ill . electric field strength in volts/ m, & ill the impedance in free  11pace 
in ohms, � ill the free 11pace wavelength in meter s and g is the maximum gain of the re­
c eiving antenna. 

The c ommon practic e of carefully calibrating a field strength measuring s ystem in an 
idealized environment and then using it  in some other environment may lead to appreciable 
errors, e specially when high gain r eceiving antennas are used. 

For converting reported values of E in dbu to estimates of W .tt or e stimates of 
the available power Wl.r at the input to a receiver ,  the following r elationships may be use ­
ful: 

dbw (li.  20} 

W = E - L - L  + G - L - 20 log f - 1 07. 22  J.r J.r  fr  r gp dbw (II. 2 1) 

W = W' - L = W - L - L dbw J.r a J.r a e r  l.r (li.  2 2) 

In terms of reported values of field strength E in dbu per kilowatt of effective 1kw 
radiated power ,  eetimates of the system loss ,  L8 , basic propagation loss Lpb' or basic 
transmission loss � may be 'derived from the following equations, 

L13 = 1 39 . 37 + Let + Lfr - Gp + Gt - Gpt(� 1 ) + 20 log £ - E1kw db 

L b ::: 1 39 . 37 - L t. + G - G t(r 1 ) + 20 log £ - E k db p r t p l W  

I� = 1 39. 37 + L  + G - G t(r 1 } + 2 0 log £ - E kw db ---g rr  t p 1 

provided that e®timate& are av&ilable for all of the terms in the se equations . 

(li.  2 3) 

(II. 24) 

(li. 2 S) 



For an antenna whose radiation resistance is unaffected by the pr oximity of ita en -

vir onment, L = L s 0 db, L = L , rt rr . ft et and L
fr = Ler . In other cases, espec ially impor -

tant for frequencies le s s  than 30 MHz with antenna heights c ommonly u sed; it is often as­

sumed·that Lrt = Lrr  
= 3 . 0 1  db, L

ft 
= L

et
+ 3 . 0 1  db, and L

fr 
= L

er + 3 . 0 1  db, corresponding 

to the assumption of short vertical electric dipoles above a perfectly -conducting infinite plane. 

At low and very low frequencies,  Let' Ler' Lft' and Lfr may be very large . Propagation 

curves at HF and lowet: frequencies may be given in terms of Lp or Lpb so that it is not 

nece ssary to specify Let and Ler . 

Naturally, it is better to measure Ls 
may be seen that the careful definition of Ls ' 

than the definition of �· Lpb' A, or E . •  

The equivalent free-space field strength 

directly than to calculate it using (II. Z3). It 
L ,  p 

E 0 

L, or L0 is s impler and more direct 

in dbu for one kilowatt of effective 

radiated power is obtained by substituting W JJ:. = Wt = Effec tive Radiated Power = 30 dbw ,  

Gpt( r 1) = Gt 2 .  1 5 db, Ll t= Lft=O db, and Lpb = Lbf in (II , 18) - (II . 20) , where  Lbf h given by ( 2 .  1 6) :  

E = 106.92 - 20 lag d dbu/kw 0 

where r in ( 2 .  1 6) has been r eplaced by d in ( II. 26) . Thua e is ZZZ millivolts 0 

(II. 26)  

per meter at one kilometer or 1 38 millivolts per meter at  one mile. In free space, the 
"equivalent inverse distance field strength",  E1, is the same as E0 • If the antenna radia-

tion resistance s  r t and r r are equal to the free space radiation r esistances r ft and 

rfr '
,. 

then (II. ZS) provides the following relationship between E1 kw and 1;, with 

Gpt
(r l ) o:: Gt

: 

E1kw = 1 39 . 37 + 2 0  log £ - 1;, dbu/kw (II. Z 7) 

C onsider a short vertical elec tric dipole above a perfec tly-conducting infinite plane, with an 
e ffec tive radiated power = 30 d"klw; G

t 
= 1, 76 dh, and L = 3. O l < db . .  From (II . 1 8) W = 30 . 39 

r r  . t 
4bw, s ince G ( r  ) = l ,  7c db. Then from ( II .  26) the equivalent inverse dis tanc e field is 

pt 1 

E = E + L + L = 1 09 . 54 - 20 log d 1 o rt rr dbu/kw (II. Z8) 

corresponding to e1 = 300 mv/ m  at one kilomete r ,  or e1 = 1 86 . 4  mv/m at one mile . In 

this s ituation, the relationship between E1kw and 1;, is given by ( II. 2 5) as 

E = 142 .  38 + 20 log f - h lkw o dbu/kw (II.  Z9) 
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The foregoing auggeata the following general expre s s ions for the equivalent free space field 

11trength E and the equivalent inverse distance field E : 
o I 

dbu (II .  30) 

dbu (II. 3 1) 

Note that L
rt 

in (II. 30) is not zero unle s s  the radiation re sistance of the transmittlng 
antenna in its actual environment is equal to its free space radiation resistance . The defi­

nition of " attenuation relative to free space" given by ( 2 .  20) as the basic transmis sion 
los s relative to that in free space, may be restated as 

db (II.  32) 

Alternatively, attenuation relative to free space,  A
t
' might have been defined (as it s ome ­

times is ) as basic propagation loss relative to that in free space:  

A = L
b

- L.
f

= A - L  - L  = E  - E  
t p - b  rt r r  o 

db (II. 3 3) 

For frequencies and antenna heights whe re the s e  definitions differ by as much as 6 

db , caution s hould be used in reporting data. For mos t paths using fre quencie s above 

50 MHz, L + L is negligible , but caution should again be used if the loss in path 
rt r r  

antenna gain L i s  not negligible. It i s  then important not to confuse the "equivalent" 
gp 

free space los s  L
f 

given by ( 2. 1 9) with the los s  in fr e e  apace given by ( 2. 18) . 

II-8 
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II. 3 MULTIPATH COUPLI:'\ G LOSS 
Ordinarily, to minimize the transmission los s between two antenna s, they are oriented 

to take advantage of maximum dir ective gains (direc tivity) and the polarizations are matched. 

This maximize s  the path antenna gain. W ith a single uniform plane wave incident upon a r e ­

ceiving antenna, there will b e  a reduction i n  the power transfer r ed i f  the antenna beam is not 

or iented for maximum free  s pace gain. If the polarization of the receiving antenna is matched 

to that of the incident wave, this loss in path antenna gain is due to " orientation c oupling los s",. 

and if there is a polarization mismatch, there will be an additional " polarization c oupling los s ' ' •  

In  general, more  than one plane wave will be incident upon a rec eiving antenna from a single 

s ourc e  because of r eflec tion, diffraction, or scattering by terrain or atmosphe ric inhomoge­

neitie s ,  Mismatch between the relative phases  of  the se waves and ti1e r elative phases  of the 

rec eiving antenna r esponse in different directions will c ontribute to a " multipath c oupling los s" 

which will include orientation, polarization, and phase mismatch effec ts . If multi path propa­

gation involve s  non-uniform waves whose amplitude s ,  polarizations, and phases  can only be 

described statistic ally, the c or responding los s in path antenna gain will include "antenna -to­

medium c oupling loss" ,  a s tatistical average of phase incoher enc e  e ffec ts .  

This part  of  the annex indicate s  how multipath c oupling los s may  be  calc ulated when in­

cident wave s  are plane and uniform with known phases,  and when the dir e c tivity, polarization, 

and pha s e  r e sponse of tile receiving antenna are  known for every direction. It is assumed iliat 

the radiation r e s istance of the receiving antenna is unaffected by its environment, and that the 

e le c tric and magnetic field vectors of every incident wave are perpendicular to each other and 

perpendicular to the direction of propagation, 

II. 3, 1 Representation of Complex Vector Fiel d s  

Studying the response of a receiving antenna t o  cohe rently phased plane waves with 

several different directions of arrival, it is convenient to locate the receiving antenna at the 

center of a c oordinate system. A radio ray travel ing a distance r from a transmitter to the 

rece ive r may be r efracted or reflected so that it s initial and final d i r e c tions a r t>  ·d iffe rent ,  

If - f  is  the direction of  propagation at  the rec eive r ,  r = r r i s  the vector d i � t;:mce from the 

receive r to the transmitter if the ray path is a straight l ine , but not othe rwi s e .  
A paper b y  Kale s  [ 1 95 1 )  s hows how the amplitude, phas e ,  and polarization of a uniform, 

monochromatic, elliptically polarized and l ocally plane wave may be expr e s sed with the aid 

of complex vecto r s .  F or instance , such a wave may be expr e s sed as the r eal part of the sum 

of two l inearly polarized complex plane wave s .JZ·-; exp ( i  T) and i VZ-;. exp (i  T ) .  The s e  r 1 
components are in time phase quadrature and travel in the same direction - r, whe r e  i = r-1 
and -; and -;, are  r eal vector s pe rpendicular to r .  The vector -; + 1-; 1 s  then a complex  

r 1 r 1 
vector, Field s trengths are denoted in volts /km ( 1 03 microvolts pe r  mete r }  and field inten -
sities in watts /km2 ( 1 0-3 rnilliwatts pe r square meter ) ,  s ince all lengths a r e  in  kilometer s ,  

II- 9  
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The time-varying phase 

T = k ( ct - r) (II. 34) 

is a function of the free- space wavelength A., the propagation constant k = Zn /A., the free­

space velocity of radio waves c = 29979 2. 5 ± 0 .  3 km /sec,  the time t at the radio source, 

and the length of a radio ray between the receiver and the source. 

Figure Il- l illustrates three sets of coordinates which are useful in studying the phase 

and polarization characteristics associated with the radiation pattern or res ponse pattern o! 
an antenna. Let -:; = r r represent the vector distance between the antenna and a distant point, 

specified either in terms of a: right- handed cartesian unit vector coordinate system x0, x1 , 

x2 or in terms of polar coordinates r, o, <j> :  

(II. 35a) 

xo = r cos 0 , xl = r s in 0 cos q,, x
2 

= r sin O sin $  (II. 3 5b) 

r = r ( O ,  <\>) = x0 cos 0 + (x1 cos cj> + x2 sin <j>) sin 0 . ·  (II. 35c) 

As a general rule,  either of two antennas separated by a distance r is in the far field or 

radiation field of the other antenna if  r > 2D
2

/A., where D is  the largest linear dimension 

of either antenna. 
The amplitude and polarization of electric field vectors -;0 and -;cj>' perpendicular 

to each other and to r, is often calculated or measured to correspond to the right- handed 

cartesian unit vector coordinate system r, e0, e cj> illustrated in figure 11- 1 . The unit vector 

e cj> is perpendicular to r and x0, and e0 is perpendicular to e q, and r. In terms of vector 

cross- products:  

(II .  36a) 

(ll. 36b) 

The directive gain g, a scalar, may be expressed as the sum of dir e c tiv e gains g 0 and 
g

cj> 
ass ociated with polarization components e8 := � 8 e8 and 

c;ents e 8 and e .p are expressed in volts /km : 

,.. 
e cj> = e 

cj> 
e q,' where the coef!i-

(II. 37) 

Subscripts t and r ar e used to refer to the gainti g
t 

aud g
r 

of transm itting and rec eiving 
antennas ,  while g is the ratio of the available mean power flux dens ity and e 2 1"1 , where 

0 0 

ll>- 10 



e 0 as defined by (ll. 38) is the free �pace field s trength at .a distance r in kilometers from 
an isotropic antenna radiating w t watts : 

Here, 
space ,  

. . 2 Y. e = [ 11 w /{4n-r ) ]  � volts /km . 
0 0 t (ll. 38) 

- 7  
1) = 4rrc .  !0 = 376. 7304 ± 0 .  0004 ohms is the characteristic impedance of free 

0 
The maximum amplitudes of the e and 4> components of a radiated or incident field 

. y. i e'".._ l  = e = e g z volts /km • 
'!' cj> 0 cj> (ll. 39) 

If phase 's T a and T 4> are associated with the el ectric field components -;a and -;cj>' which 

are in phase quadrature in space but not neces sarily in time, the total complex wave at any 
-

point r is 

(ll. 40) 

From this expression and a knowledge of li'9 .._ T 9 .._1 we may determine the real and imaginary 
. ..... . . ..., 

components e'"r and e'"i, which are in phase quadrature in time but not neces sarily in space : 

( ll. 4 la) 

(ll. 4 lb) 

The next section of this annex introduces components of this wave which are in phase quadrature 

in both time and space .  
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II. 3 .  2 Principal and C r os s - Polarization C omponents 

Princ ipal and cros s- polarization components of an incident complex wave 

,[2 (-; + i-;_ ) exp ( i T) may be defined in terms of a time- independent phas e  T. which is a 
r 1 1 

function of 7 [ Kal e s ,  1 9 5 1 ] .  If we write 

and solve for the real and imagi:naxy c omponents of the complex vector 

= e COS T .  t -;. S in T .  
r 1 1 1 

e . cos T . - e  sin T . •  
1 1 r 1 

e .  + i e �, 
1 c. 

( II ,  4Z) 

we find that 

(II. 4 3a) 

(II. 4 3b) 

W hichever of the se vectors has the greater magnitude is the principal polarization component 

e
p

, and the other is the orthogonal cross-polarization c omponent e c
: 

(II. 44a) 

(II. 44b) 

The phase angle T 
i 

is determined from the condition that -;
l 

• "(;2 = 0: 

(II. 4 5) 

Any incident plane wave , traveling in a direction - r is then represented a s  the r eal 

part of the c omplex wave given by 

.fT-;exp [ i ( T t T . )] E .JT ( -; t i-; ) exp [ i ( T  + T. ) ) , - 1 p c 1 (II. 46) 

The pr incipal and cros s - polarization directions e and e are chosen so that their vector 
p c 

pr oduct is a unit vector in �he direction of propagation: 

e x e  = - r .  
p c 

II- r z  
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A bar is used under the symbol for the complex vector e = e + ie" in (11.  46) to distinguish 
p c 

._. _,.. ...... - -
it fron1 real vectors such as e ., , e,�.. , e , e . ,  e , and 

"' 't' r 1 p e , The absolut� values of the vector 
c 

c odficients e and e may be found using (II. 44) . 
p c 

As the time t at the transmitter or the time T at the receiver inc rease s ,  the real 

vector component of (II .  4 6) , or " polarization vnctor" , 

.jT (e" C O S  (T f T , )  • e" sin ( T  + T . )) 
p 1 c 1 

describe s an ellipse in the plane of the orthogonal unit vectors e = e /e and e = e /e • 
p p p c c c 

Looking in the direction of propagation - r  (9,  <!>) with e
p 

and e
c 

both positive or both negative, 

we see a clockwis e  rotation of the polarization vector as T increases . 

Right-handed polarization is defined by the IRE or IEEE and in CCIR Report 3 2 1 [ 1 963m] to 

corre spond to a clockwise r otation of a polar ization ellipse ,  looking in the direction of prop­

agation with r fixed and t or T increasing. This is opposite to the definition used in clas sical 

physic s ,  

The "axial ratio" e /e o f  the polarization ellipse of a n  incident plane wave . c p 
.fr�exp [ i ( T + T

0
)] is denoted here as  

a - e /e  
X C p (11. 48) 

and may be eithe r positive or negative depending on whether the polarization of the incident 
wave is right- handed or left- handed, The range of pos sible value s for a is - 1  to + 1 .  

X 
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II. 3. 3 Unit Complex Polarization Vecto r s  

If t h e  r e c e iving antenna w e r e  a point source of radio wave s ,  i t  would produce a plane 

wave .,['£ -;  exp [ i ( T  + T ) ]  at a point 7 in free spac e .  The receiving pattern of such an 
-r r 

antenna as it responds to an incident plane wave -.rr-; exp [ i ( T + T )] traveling in the opposite - r 
direction � P  is proportional to the complex conjugate of -; exp (i T ) ( S. A .  Schelkunoff and 

-r r 
H. T .  Friis,  1 95 2 ] : 

[-; exp ( i  T )) * = (-; - i-; ) exp (- i  T ) , -r r pr cr r (II.  49} 

The axial ratio e /e of the type of wave that would be radiated by a receiving antenna 
cr pr 

is defined for propagation in the direction F. An incident plane wave, howeve r ,  is propagating 

in the direction - r, and by definition the s ense of polarization of an antenna u sed for reception 

is opposite to the sense of polarization when the antenna is used as a radiator . The polar ization 

a s s ociated with a r eceiving pattern is right- handed or l eft-handed depending on whether a
xr 

is pos itive or negative , whe r e  

a = - e  /e , 
xr cr pr 

e = -e a • cr pr xr ( II. 50) 

The amplitude s I e I and l e I of the principal and cross-pola rization field components 
pr c r  

-; and -; a r e  proportional t o  the square roots o f  pr incipal and cross- polarization directive pr cr 
gains g and g , respectively . It is convenient to define a unit complex polarization 

pr cr 
vector .f

r 
which contains all the information about the polarization response associated with 

a receiving pattern: 

2 -� A = (� + i � a } ( l + a  ) 
.£:r pr cr xr xr ( II. 5 1 )  

(II. 52) 

The directions S and e are c hosen so that 
pr cr 

e x e r.  
pr cr (II. 5 3) 

In a s imilar fashion, the axial ratio a defined by UI. 48) and the orientations � and e X p C 
of the principal and c r os s - polar ization axe s of the polarization ellipse completely describe 

the s tate of polarization of an incident wave .,['£-;_ exp [ i ( T  + Ti)] , and its direction of propa­
gation - � " e X e • The unit c omplex polarization· vector for the incident wave is p c 
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- 1 - 1 "' z -� � = e / e = ( e + i e a ) ( l + a ) .  L - - p e x  x 
(II. 54) 

The magnitude of a c omplex vector e = e + it;' is the square root of the product of !: and 
p c 

its complex conjugate e - i e : 
p c 

1 -.!:. 1 
- -. � z 2 ·� 

= (!_ • .!:. ) = ( e  + e )12 
p c 
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II. 3 ,  4 Power Flux Densities 

The coefficients e and e of the unit vectors e and e are chosen to be r . m, s .  p c p c 
value s  of field strength, expres sed in volts /km, and the mean power flux densities s and p 
s c associated with these components are 

2 2 s " e  /T) watts /km , p p 0 

The corresponding principal and cross- polarization directive gains gp and gc are 

2 g = 4rrr s /w , p p t 

(II• 56) 

(II. 57) 

where wt is the total power radiated from the transmitting antenna. This is the same rela� 
tion as that expressed by (II. 39) between the gains g9 , gel> , and the orthogonal polarization 

components -;;'"6 and e"<P. 
The total mean power flux dens ity s at any point where � is known to be in the radi­

ation field of the transmitting antenna and any reradiating sources is 

-- 2  2 2 2 
s " I e l IT) = g e ITJ = s + s = ( e  + e )/rJ - 0  o o  p c p c 0 

(II. � 

(II. 58b) 

where e 0 is given by (II. 38) . The power flux density s is proportional to the transmitting 

antenna gain gt' but in general g is not equal to gt as there may be a fraction 

energy absorbed along a ray path or scattered. out of the path. We therefore write 

2 2 g _ g ( l + a ) = a g ( l + a ) "' ap St • p X p pt X 

a p of 

( II. 5';1) 

The path absorption factor a can also be useful in approximating propagation mechanisms p 
which are more readily described as a sum of modes than by using geomet.ric optics. For 
instance , in the case o£ tropospheric ducting a single dominant TEM mode may correspond 
theoretically to an infinite number of ray paths, and yet be satisfactorily approximated by 
a s ingle great$circle ray path if a is appropriately defined. In such a case, a will p p 
occasionally be greater than unity rather than less, 
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Orie nting a receiving dipole for maximum reception to determine 8 and for miniinum 
p 

reception to determine 8 will also determine e and e • except in the case of cir cular polar-
c p c 

ization, whe r e  the direction of e in the plane normal to -; is arbitrary. In the g ene ral 
p 

case whe r e  I a I < 1 ,  either of two opposite directions along the line of principal polarization 
X 

is equally suitable for e . 
p 

Reception with a dipole w ill not show the sense of polar ization-;-· Right- handed and left-

handed circularly polar ized receiving antennas will in theory furnish this information, s ince 

"! may al so be written to correspond to the difference of r ight- handed and left- handed circu­

larly polarized wave s which are in phase quadratu r e  in time and space : 

(II.  60) 

The mean powe r flux dens itie s s
r 

and s1 as sociated with r ight- handed and l eft- handed polar­

izations are 

2 2 
s = (e + e ) /( 2'1 ) watts /km 

r , p c o (II. 6 1 a) 

(II. 6 1b) 

. s o the sense of polarization may be determined by whether s
r

/ s1 is .greate r than or l e s s  than 

unity , The fl ux densities 8
r 

and s1 are equal only for l inear polarization, whe r e  e
c 

= 0,  

I I - l l  



II. 3. 5 Polarization Efficiency 

The polarization e fficiency for a transfer of ene rgy from a single plane wave to the 

terminals of a receiving antenna at a given radio frequency may be expressed as a function of 

the unit complex polarization vectors defined by (II, 5 1 ) and (II. 54 ) and the angle <V p between 

principal polarization directions auociated with -; and �
r

' This polarization e fficiency is 

where  

2 2 0 2 2 
cos <jJ (a a + l )  + s m  <jJ (a + a ) p x xr p x xr 

e . e = - e  . e = cos liJ , p pr c c r  p e . e = e e = s in tV • 
p cr pr c p 

(II, 62)  

(II.63) 

As noted in section 2 following ( 2 . 1 1 ) , any rece iving antenna is completely "blind" 

to an incoming plane wave .f"!e'" exp ( i ( T + T. )) Which has a sense of polarization opposite - 1 
to that of the receiving antenna if the eccentricities of the polarization ellipse s  are  the same 
1 1 a I = I a I )  and if the principal polar ization direction € of the incident wave is per pen-\ X U p 
dicular to e . In such a case,  cos <jJ = 0, a = - a , and (U.6 Z )  shows that the polarization 

pr 2 p x xr 
efficiency 1 ,2  • Rr I is zero,  A s  an interesting special case,  reflection of a circularly 

polarized wave incident normally on a perfectly conducting she et will change the sense  of 

polarization so that the antenna which radiate s such a wave cannot receive the reflected wave . 

In such a case a = -a = :1: l , so that I,! • ,2 1 2 
= 0 for any' value of <jJ • x xr r . p 

On the other hand, the polarization efficiency given by (U. 6Z) is unity and a maximum 

transfer of power will occur if a = a  and <jJ = 0, that is ,  if the sense, eccentricity, 
x xr p 

and principal polarization direction of the receiving antenna match the sense , eccentricity, 

and principal polarization direction of the incident wave . 

For transmis sion in free s pace,  antenna radiation efficiencie s ,  their directive gains , 

and the polarization coupling efficiency are independent quantities ,  and all five must be 

maximized for a maximum transfer of power between the antenna s ,  A reduction in either one 

of the directive gains g ( - r) and gr 
{F)  or a reduction in the polarization efficiency 1£ .  j!r 1

2 

will reduce the transfe r  of power between two antennas .  

W ith each plane wave incident on the r eceiving antenna there  is associated a ray of 

length r from the transmitte r ,  an initial direction of radiation, and the radiated wave 

:!'
t 

exp [ i ( T + T t) )  which would be found in free s pace at this distance and in this direction. 

When it is practical to separate antenna characteristics from environmental and path charac­

te ristic s ,  it is a s sumed that the antenna phase response  T
t
' like T

r
' is a characteristic 

of the antenna and its environment and that 
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T, : Tt + T 1 p 
( II .  64) 

where T is a function of the ray path and include s allowances for path length diffe rences and 
p 

diffraction or reflection phase  shifts .  

Random phase  changes in either antenna , absorption and reradiation by the environ­

ment. or random fluctuations of refractive index in the atmosphe re will all tend to fill in any 

sharp nulls in a theoretical free- space  radiatio
.
n pattern 7 or -; • Also, it is not possible - -r 

to have a complex vector pattern -;_/r which is independent of r in the vicinity of ant�nna nulls 

unless  the radiation field, pr oportional to 1 /r ,  dominates over the induction field, which 

is approximately proportional to 1 /r
z.

. 
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II. 3 .  6 Multipath Coupl ing Loss 

Coherently phased multipath components fr om a single s ource may ar rive at a receiving 

antenna from directions s ufficiently diffe rent so that Ti and Tr vary s ignificantly, It is 

then important to be able to add complex s ignal voltages at the antenna terminal s .  Let n = l ,  

2, - - - ,  N and assume N discrete plane waves incident on an antenna from a single source. 

T he following expres sions repre sent the complex open- circuit r,  m ,  s.  signal voltage v 
n 

corresponding to a radio frequency v cycles  per second, a s ingle incident plane wave 

.,_r[-; exp ,r i I T  + T_ \ 1 . a los s - free receiving antenna with a directivity gain a -n ... ' 1n · .J � ern 
and an effective abs orbing area a 

en
' matc hed antenna and l oad impedance s ,  and an input 

r e sistance r whic h  is the same for the antenna and its load: 
v 

v = (4r  s a )Yz (£ . .£ ) exp [ i (T + T + T - Trn)) volts n v n en n rn pn tn (II. 6 S) 

(II. 66) 

(II. 67) 

p · .£  = [ ( 1  + a
2 

) ( l + a2 lfYz [ ( 1  + a  a ) cos ljJ + i (a + a  ) s in ljJ  ] .  (II. 68) -n rn xn xrn xn xrn pn xn xrn pn 

lf the polarization of the receiving antenna is matched to that of the incident plane wave, then 

a :::: a , xn xrn .£ . f> ::: l ,  n rn 
and 

2 2 y, 
v = [ 4 r  w a g g )... /(41Tr ) )  z exp [ i ( T + T  + T  - T  ) ) volts, n v r pn tn rn n pn tn rn (II. 69) 

If the coefficient of the phas or in (li .  69) has the same value for two incident plane waves ,  but 

the value s of Tin - Trn differ by 'If radians,  the sum of the corresponding complex voltages 

is zero. This shows that the multipath coupling efficiency can theoretically be zer o  even 

when the beam orientation and polarization coupling are maximized, Adjacent lobes in a 

receiving antenna directivity pattern, for instance ,  m.ay be 180 °  out of phase and thus cancel 

two discrete in�phas e  plane -wave components. 

Equation (II.  3) shOW!i the relation between the total open-circuit r ,  m. s ,  voltage 

N 

v � f � 
v l L 

n = l  
m "'  1 

v v* l n m j  

II-Z.C 

Yz 
volts (II. 70) 



and the power w a available at the te r minals of a los s -free r e c e iving antenna: 

2 w = v / ( 4  r ) watts . a v v ( I I .  7 1 ) 

In wr iting wa for wa v  in ( II .  7 1) ,  the s ub s c ript v has been s uppre s s e d, as with almost 

all of the symbols in this annex, Studying ( I I .  6 5) - ( II .  68) , (II. 70) , and ( ll,7 1 ) , it is s een 

that the exp r e s s ion for w 
2 

a is symmetrical in the antCima gains gp ' 
is a linear function of the s e  paramete r s ,  

2 gpr ' and gc = ax gp ' 
g = a g , and that w c r  xr pr a though v v is not. 
From this follows a the orem of re cipr ocity, that the trans mis sion loss  L = - 1 0 log ( w a / w t) 
is the s ame if the r ol e s  of the t r ansmitting and r e c e iving antennas are r e ve r s e d .  

The basic transmission los s � is the system loss that would be expected if the 

actual antennas were r e placed at the s ame loc ations by hypothe tical a.ntennas which are:  

( a )  l o s s  - fr e e ,  s o  that L = e t  = 0 db, S e e  ( 2 , 3),  L er 
( b )  is otropic , s o  that gt = gr = 1 in every dir e c tion important to propa gation betwe en 

the actual antennas .  
( c )  free of polarization coupling los s ,  s o  that 

wave incident at the r e c e iving antenna, 
I "" "" 1 2 p .  p = 1 - -r for e ve ry loc ally plane 

( d )  is otropic in their phase r e s pons e ,  s o  that Tt = Tr = 0 in eve r y  dire ction. 

The available power wab cor r e sponding to propagation between hypothetical is otropic 

antennas i s  then 

w ;>,. 2 N 
t I wab = 

( 4lT ) 2  n = l 
m =  1 

( a  a )Ya cos ( T  pn pm pn 
r r n m 

- T ) 
pm 

T he ba sic trans m i s s ion los s L b corresponding to the se a s s umptions is 

T h e  bas ic transm is s ion l o s s  in free s pa c e ,  Lbf'  c orre s ponds to N 

r 1 = r :  

Lbf = - 1 0  log 
2 

p .. /( llf r ) ]  3 2 . � 5  + 2 0  l og f + 2 0  l o g  r 

l ,  a p l  

d b  

1 ,  T 
p l  

whe r e  f i s  i n  meg acycl e s p e r  s e c ond and r i s  i n  kilometer s ,  Compa r "  w i t h ( .!. .  ! 1,) . 

( II. 7 2 )  

( II .  7 >) 

0,  

( 1! . 7 4 )  

A s  m ay be s e en from the above r dations ,  only a fraction " ,, of tlw total  II ' ' x  d " "  , ,  I I  y 

s per unit radiated power w c ontributes to the available received powe r w ! r om N plane •  n t a 
wave s ,  While s is expr e s s e d  in watts /km

2
, s is expr e s s ed in watts /km2 for each  watt n e 

II- 2 1 



oi the power w
t 

radiated by a single s ource :  

(II . 7 51 

For each plane wave from a given s ource, -; exp ( i T . ) or 1'\ exp (- i T  ) may s om etimes 
-n 1n Xrn rn 

be regarded as a statistical variable chosen at random from a uniform distribution, with all 

phases from -TT to TT equally likely . 1 - - l Then real power proportional to e • e * I may be -n -rn 
added at the antenna terminal s ,  rather than the co1Y1plex voltages defined by \ li .  6 5) -(II. 68} . 

For this <::a s e , the s tatistical "expected value" 

N 

< s  > of s is 
e e 

< s
e

> = I  apn
g

tn
g

rn l £n ' Ern l l
/(4TTr: ) . 

n = 1 

In terms of s , the transmission loss L is 
e 

L = l l .  46 t ZO log f - 10 log e db . 
e 

(II. 76) 

(II .  7 7) 

s 
e 

in (II. 7 7), we would not in general obtain the statistical expected Substituting < s 
e 

> for 

value < L> of L, since < L> is an ensemble average of logarithms , which may be quite 

different from the logarithm of the corresponding ensemble average < s  
e

> .  For this reason, 

median values are often a more practical measure of central tendency than "expected" 

values .  With w
t 

and � fixed, median values of s
e 

and L always obey the relation 

(ll. 7 7)> while average values of s 
e 

and L often do not. 

The remainder of this annex is conc erned with a few artificial problems designed 

to show how the s e  formulas are used and to demonstrate s ome of the properties of radiation 

and r e s ponse patterns . In general, information is needed about antenna patterns only in the 

few dire ctions which are important in determining the amplitude and fading of a tropospher ic 

s ignal. Although s e c tion II. 3 .  7 shows how a complex vector radiation or rec eption pa.ttern may 

be derived from an integral over all directions,  it is proposed that the power radiation 

efficiencie s and the gains g
r

( f) or g
t

( - r) for actual antennas s hould be determined by meas­

urements in a few c ritical directions using standard methods and a minimum of calculations .  
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II . 3 .  7 Ideal ized Theore tical Antenna Pattern>� 

Cons ide r a point source of plane wave s ,  repr e sented by con,plex dipole moments 

in three mutually pe rpendicular directions ,  5t0, S/. 1 ,  and i2 • The se thr e e  unit ve ctor s ,  

illus tr ate d in figure ll. 1 ,  define a right- handed system, and i t  is  a s s umed that the corre­

sponding elementary dipol e s  support r , m , s .  currents of 1
0

, 1
1

, and 12 ampe r e s ,  r e spectively . 

The cor r e s ponding peak .scalar curr ent dipole moments a r e  ,[! 1 I. ampe r e- kil omete r s , m 
whe r e  m = 0, 1 ,  2, and the sum of the complex vector dipole moments x

m 
,['! I

m.t exp ( i  T
m

) . 

may be expr e s s ed a s  follows :  

2 2 2 2 I = 1
0 

+ I I t 12 , 

( II. 78a) 

( II. 78b) 

m = 0 ,  1 ,  2 ,  (II. 79) 

H t> r c ,  T
0

, T 1 , and T2 represent initial phas e s of the curr ents s upported by the elementary 

dipol e s .  T he time phase factor is as sumed to be exp ( i kct) ,  

Using the same unit ve�:tor coordinate sy stem to r epre sent the vector distance r from 

this idealized point s ource to a distant point: 

r = lC X t 5( X t x2 x2 = p r (II. 80) ca· 0 1 1 

whe r e  x0 , x
1

, and x2 are given by (11. 3 5b) as functions of r, e, <b. The c omplex wave at 

-; due to any one of the elementa r y  dipoles is  polar-ized in a direction
' 

� x (x x P) = x - P x /r (11.  8 1) m m m 

which is pe rpendicular to the propagation direction: r and in the plane of x and r ,  The 
m 

total c ompl e x  wave at -; may be repr e s ented in the form given by ( II. 4 1) :  

( II. 82) 

T = k ( ct - r ) + u /4 (II. 8 3) 

(II.  84a) 

II- 2 3  



' 

The total m ean power flux density s (7) at r is given by ( II .  litla) : 

z c = ( I  I / I  ) cos ( T - T ) • 
rnn m n  m n 

(11. 84b) 

(II. 8 5) 

( II .  8 6) 

The total radiated power wt is obtained by inte grating s(r)  over the surface of a sphere 
of radius r ,  using the spherical coordinates r, e,  q, illustrated in figure lL 1 : 

z 

S 21T s 'IT 2 2'lT TJo(U) 
w t = d.p d e  r s (7) sin e = ----..,......- watts • 

0 0 3 ll.  
(ll. 87) 

From (II. 8 7) it is seen that the peak scalar dipole moment ..rz U used to define a 1 and 

�Z in ( II . 7� may be expre ssed in terms of the total radiated powe r : 

..JZII. = X.�ifTIT ampere -kilometers • (II. 88) t 0 

The directive gain g(r) is 

, 2 .... 3 [ g ( r )  = 4'11" r s ( r ) /wt = ! 1 -
( 1o)2 

2 (1 1)2 
z z -1- cos a - \T sin e cos q, 

(ll. 89) 

This is the most general expres sion pos s ible for the directive gain of any combination of 
elementary electric dipoles centered a.t a point, Studying (II .  89), it may be s hown that no 
c ombination of values for 10, 1 1 , 12, T0, T 1, Tz will provide an isotropic radiator, As 
defined in this annex, an i�J otropic antenna radiates or receive s wav e s  of any pha s e  and 

polarization e qually in every direction. 
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For the spe cial case where 10 = 11 = 12 = I /.f"'J", 

(Il . 89j  s h o" s tha t 

,. . 2 
g(r )  = 1 + sm e sin cj> cos cj> . 

0, 

With the s e  spe cifications , ( IL 7tl) shows that c 0 = 0, c 1 = - c 2 = 1 /..r'J", s 0 
s 1 = s 2  = 0 ,  and ( II. 78 ) with. (II. 88) s hows that 

Subs tituting next in ( II . 8 ..J) with the aid of (II, 2 ) : 

J l  
r 2 l /z e 0 = 1 110 

w t / ( 4;r r } . L J 

..f7 -;  = e (x • r <.:OS 0 )  
1 0 0 

b 2  s in O ( cos <j> - s in q, ) , 

and 

( II . 90) 

( Il. 9 1 a ) 

(II. 9 lb) 

( II . <, .: )  

{ H .  : . 3 )  

The principal and cross -polarization gains determined us.ing ,II. 57 )  and ( U. 58} are 

g (�} = 1 + sin2
e(sin cj> cos <j> - � ) , p 

The s ub s c ripts p and c in (IL 94} s h ould lw J'< 'Vl! l' s.<' <i whene v e 1· 
z 

s in 8, M inimum and maximum value s of g are 1 I l and 3 1 2  

1 I 3 to and from 0 to 1 / 2.  

( II . 94) 

g (O, <p) is le s s  than 

while g ranges from p 

by an antenna comp o s e d  of two three -dimens ional complex dipoles located at -5 >.. x 
0 

+5 >.. x and thus spaced 0 1 0  wave lengths apart, When the radiation pattern has been 

dete r mined, it will be ass umed that this is the receiving antenna, Its re sponse to known 

plane wave s from two given directions will then be calculated. 

With the radiated powe r 

dipol e s ,  a is redefined as 

w 
t divided e qually between two three -dimensional c omplex 

-; = (b / .J'7) -;:  - -(l ( 11 .  9 5) 
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Since 5 >.. is negligible compared to r except in phase factors critically depending on 

r 1 - r 2, the exact expressions 

lead t'o the following approximations and definitions: 

� = �0 cos e + (� 1 cos q, + �2 sin <j>) sin e • 

(II.  'J6) 

(ll. 9 7) 

(II. 98)  

(II.  9 9) 

For distances r exceeding 2 00 wavelengths, 

so that 

2 I E I < 0 , 0 2 5  and E is neglected entirely, 

( II .  100)  

At a point r ,  the complex wave radiated by this antenna is approximately plane and 
may be repre sented as 

whe r e  

T t T a 

T = k( ct - r )  + 1T / 4  

T =' 1 0  11' C O S  0 , 
a 

( II .  10 1 ) 

( II .  l O l) 

( !I .  lC 3) 

As in ( II . 1:: 2) , the wave s radiated by the two main clements of this antenna are re'Prescntc:d in 
( I I . l O l ) as the product of pha s o r s  exp (i T 1 ) and exp (i T2 ) multiplled by the c omplex vectors 
..J2 �1 and ..J'2 �2 , respe ctively : 

( II. l O · ,a) 

(ll. 104\.,) 
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E in " - "' and e �  with the aid of (II. 95), (ll. 98), (II. 99) and (II. l04): valuat g �o • r l, �o • r 2, .:_1 ' """' 

a . � = b  ( l + t ) + i r cos e - E (sec e - cos e) ] 
-o 1 2 L. �O • � 2 = b2( 1 • E )  + i [COS 0 + E {sec 9 • COS 8) 1 

+ i [ io( 1 + t )  - � cos e + � E (sec e - 2 cos O) 1 } 

Since the swn and difference of. exp (i T 1 ) and exp (i T2) are 2 cos Ta exp (i T) and 

2 i  sin T exp (i T) ,  respectively, -; and -;, as defined by (II.l O l )  are a r 1 

(11. 1 05a) 

(ll. l 05b) 

(II. l Oba) 

(II. 1 Otlb) 

(II. l 07a ) 

( II. l 07b) 

The complex wave ...rz(-;r + ie1) is a plane wave only when er and e1 are both per­
pendicular to the direction of propagation, ;, or when 

which require s  that E = 0, sin Ta = 0 ,  or e = 0. I! E is negligible, the total mean 
powe r flux density in terms of the directive gain g(�)  is given by 

. ( z 2) z. s(r) = e + ei / T) = g(r ) e , ,  r o o o 
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(U. l l O) 

That W l  i s  the c o r r e s ponding total radiated power may be verified by substituting (ll, l08) 

and (II. l l O) in (II. 8 7 ) ,  with the aid of (II. 9 .) )  and (Il . l 03 ) .  
Now let this antenna be a receiving ante1ma, and suppose that direct and ground­

r e fle cted waves a r rive from directions r ( 0 ,  <j>) equal to 

Note tha t r l and r 2 in (II. l l l )  are not related to r l and r 2 in 
particul a t· value s  of r ,  C o.rresponding values of Ta' cos Ta' and sin T a 

T az 

:: 29 .  82 1 1 1  

30. 1 9 24 5  • COS T az 

0, 0240 - 0,9997 

0, 3404 sin T - 0.9403 • az 

(II. l l la)  

(ll. I l l  b)  

but are two 
are 

(II. l l ;!a) 

(ll. l l 2b) 

The incoming wave s in the two directions r l and r 2 are assumed to be plane , and the 
distances r 1 and r 2 to their · source are assumed large enough s o  that e 1 sin Tal 
and E 2 s in T are negligible compared to cos T and c os T�• , respectively, The plane 

az a1 � 

wave re sponse of the receiving antenna in these dire ctions may be expres sed in terms o£ the 

complex vectors as sociated with r 1 and r 2 : 

(ll. 1 1 3a) 

e
r z  

+ i -;iz = 0 . 340 eo [ ( -0 . 0 1 3  x
o 

+ 0.998 � - 1,002 x2) + i (0. 076 xo - 0. 1 3 7  � - 0. 1 2 8 x2 ) l 
(ll. l l 3b) 

Since 7 • 7 = 00 (ri.44} with (Jl.42)  and (U.43) shows that T = 0 ,  so that e and e .  
q rz r1 r 1 11 

a r e  principal and cross -polarization components of the complex yector receiving pattern: 
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Thes e  s ame equations show that T = - 0,005 and that 
r� 

- - [ ,. ,. e + i e = 0 , 340 e (-0, 0 1 3  x + 0,999 x1 -
prz crz o o 

1 . 0 0 1  x2) t i (0.076 x0 - 0. 1 32. x1 - 0. 1 1 3 x2 ) ] 
(II. l l4b) 

differing only slightly from (Il. l l 3b) ,  sinc e Trz is almost ze r o ,  

The axial ratios o f  the two polarization ellipses ,  defined by (11. 50), a r e  

a = - 0,2.2.2. , xr1 
a = - 0, 143 

xrz 
(ll. 1 1 5) 

and the unit complex polarization vectors gr1 
and p 

-rz 
defined by ca. 5 1 )  are  ther efore 

p = ( -0, 009 5'C0 t o.69Z x - o,694 x2) + i (0,053 x00 - o.09 5 x1 - o.os9 x2 ) • 
- rz 1 

A 
The antenna gains g

r
(r

1
) and g

r(r
z

) are given by (U. l l O):  

g < ; > ::  o . oo 2 1 ,  g <r > = o . 241 
r 1 r & 

(II. 1 1 6a) 

( II .  116 b) 

(II. 1 1  7)  

which shows that the gain G (r ) = 10 log g ( r  ) a s s ociated with the direct ray is 29 . 2  db 
r 1 r 1 

below that of an isotropic antenna, while the gain G (r ) asqociated with the ground-reflected r z 
ray is - 6 .  2. 'db . It might be expected that only the incident wav� propagating in the direction 

-r would need to be considered in determining the c omplex voltage at the receiving antenna 
z 

te rminals . Suppos e, however, that the ground-reflected ray has been attenuated c onsiderably 

mor e than the direct  ray, so that the path attenuation factor a is 0 .  0 1 , while a = l .  pz p1 
Suppose further that the transmitting antenna gain associated with the ground-reflected ray is 

6 db less than that ass ociated with the direct  r ay.  Then the mean incident flux density s2 
a s s oc iated with the gr ound-reflected ray will be 26 db le s s  than the flux density s 1 

as sociated 

with the direct  ray.  

In order to calculate the c omplex r eceived voltage v given by (II. 70) then, the 

following is as sumed: 

r v = 52 ohms , z 2 s 1 1 watt/km ( = • 30 dbm/m ) 
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a = 0,2. , 
Xl 

'!' ::: 'r t '!'t• :::: 0 • i1 PI , 

>.. = 0,0003 km (  £ = 1000 MHz ) 

� = rr / 2.  ' PI ljJ = 1 . 5 pa 

It will be seen that the se assumptions imply a more nearly complete polarization c oupling los e 

between the direct wave and the rec eiving antenna than between the ground-reflected wave and 

the rec eiving antenna. The effective abs orbing area of the rec eiving antenna for each wave, 

ae given by(II. 67)  i e  

a = 1 , 504 X 1 0 �
1 1  I<.J:rf , 

e1 
a 

ez 

The polarization factors are 

(p • p ) ::: - 0 , 02 1 i • 
- 1  -ra 

(p ' p ) :: 0, 062. + 0,2 36 i -z -rz 

(II. 1 1 9) 

(Il. 1 2 0) 

and the phase factors are exp (i T) and exp [ i ( T t 3, 1 37)  ] ,  respectively. Substituting these 
value s in (ll, 65),  the complex voltages are 

{ -6 v2 = - l , 88 7 + 7.0 7 l i) ( l 0 ) exp (i T) , 

The real voltage at the antel.Ulla ternili:J..•la, as given 'Illy (ll. 70) is 

v v = (v 1 + v z) (v l + v 2) *  = 8.33 X 1 0 -6 volts = 8,  33 microvolts 

and the corresponding power 

antenna is 

w 
a 

available at the terminals of the los s -free receiving 

w = 0 , 3 34 X 1 0 - 1 2 
watts 

a 

as given by (11, 7 l ) .  

W a 
- 1 2 5 dbw = - 9 5 dbm 

II- 3 0  
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II. 3 �  8 Conclusions 

The foregoing exercise demonstrates that: 

( 1 } Even small changes  in antenna beam orientation, transmission loss , polarization 

coupling, and multipath phasing may have a visible effect on the available power at the 

terminals of a receiving antenna. 
{ Z )  I£ the formulation of the general relationships for a completely polar ized wave 

is pt<ogrammed for a digital compute r ,  it may be feasible to e stimate the complete stat·� 
istic s of a received signal whenever reasonable assumptions can be made about the stat­
istics of the parameter s  described in this annex. 

{ 3) The measurement of antenna characteristics in a few critical directions will often 

be sufficient to provide valuable information to be used with the relationships given here , 

The m.easu:rement of Stoke s '  parameters, for instance, will provide information about axr ' 
g , 41 , and both the polarized field intensity sr and the unpolarized field intensity s • 

:r p . 0 
These parameters [ Stokes,  1922 ] are 

where 

s r + s0 = total mean field intensity (ll. l 2 4 )  

Q = s cos(2!3) cos( 2 41 ) (II. 1 2 5) . r p 

. U  = s cos(2!3) sin ( 2  41 ) (II. 126 )  :r p 

V = sr sin{2!3) (U. l 2 7 )  

- 1  !3 = tan axr (II. 1 28 )  

The unpola:dzed or randomly polarized field intensity s is determined £rom (II. l 24 )  and the 
0 

identity 

2 2 2 Ya sr = (Q + U + V ) • {ll. 1 29) 

Using etandard s ources and antenna model ranges ,  the gain gr may be determined £rom 

z g = s /(e l'fl ) , r r o o 
2 e 0 

z 'fl p /(4rr r ) 0 t 

au suming, if e 
0 

will affect 11 and e 

is measured, that any power reception e fficiency 
2 alike, r o 

II- 3 1  

(II. 1 30) 

1 /J. less than unity er 



Finally, a method for measuring relative phase respons e s  Tr · is als o needed. In 
individual cases,  multipath coupling loss may be insufficient to provide adequate unwanted 

signal rejection, Variations of T may lead to phase interference fading of wanted signals , 
r 

just as variations of a 
p 

are associated with long-term power fading. Because of the 

complexity of the se phenomena, they are usually described in terms of. cumulative distri-

butions of signal amplitudes or fade durations, Fortunately, even crude measurements or 

simple theories may then suffice to provide statistical information about T • r 
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a , a , a 
e n  e t  ez  

a ,  
p 

a , xn 

a ' pm 
a 

pn 

a , a 
X I  X Z  

II . 4 List of Special S ymbols Used in Annex II 

The effec tive absorbing area for the n
th 

disc r e te plane wave inc ident on an an-

tenna from a single s ourc e ,  ( II .  67) ,  and for each of two wave s ( 11 . 1 1 9) .  

The frac tion of ene r g y  absorbed along a ray path, or scatte r e d  out of i t, ( II .  59) , 

and the frac tion of energy, a , 
th th . for the m and n multlpath c omponents from 

p 
a s ingle s our c e ,  whe Je m and n take on integral  value s from 1 to N ,  (II .  72) 

th 
Axial ratios of the polarization e llipse of the n , fir s t, and s e c ond plane 

wave fr om a single s our c: e ,  ( II .  68) and ( II .  1 1 8) . 

a • a , a Axial ratios of the polarization e llipse a s s oc iated with the rec e1vmg patte r n  
xn x r z  

th 
xrn 

a, a 

a 
-o 
e 

c r  

e . 
l 

e 
pr 

e 
r 

e 
0 

e 
1 '  

e
e ' 

e ' c 

e ' c 

e
z 

e
<!> 

e 
p 

e 
p 

for the n , fir s t, and s e c ond plane wave from a s ingle source ,  ( II .  68) and ( II .  1 1  5) . 

Pos itive or negative amplitude s of r eal and imagina r y  c omponents of a c omplex 
�2 2 2 

vec tor : � = � l  + i a2, � = a 1 + a2 , ( II .  78) . 

The real  v e c tor a =  a a ,  whe re a is a unit vec tor . 

R e al v e c tor s defining r eal and imagina r y  components of a c omplex vector : a =  

71 + i"ii:"2 , ( II .  78) . 

A c omplex v e ctor:  i = 71 + i a2 , (II. 78) . 

A c omplex v e c tor defined in terms of the unit vector s ystem x0, x 1 , x2 , ( II .  9 5) .  

The positive or negative amplitude of the c r os s � polar ized vector c omponent e
c r  

of a r e c e iving antenna r e s ponse pattern, ( II .  50) . 

The positive or ne gative amplitude of the r ea l  vector e
i 

a s s ociated with a c om ­

plex plane wave vr c;; + i-;;: ) e x p  ( i -r ) ' whe r e  e and e .  a r e  time -invariant and 
r 1 r 1 

exp (i -r) is a time phaaor ,  (ll .  4 1 b) . 

The positive or negative amplitude of the pr incipal polarization c omponent 

a r e c eiving antenna r e s ponse patte rn, ( II. 50) . 

e 
p 

of 

The positive or negative amplitude of the r eal  vec tor c omponent e
r 

a s s oc iated with 

a c omplex plane wave ,f'i (7 + i7. ) exp (iT ) ,  whe r e  e and e . a r e  time invariant 
r 1 r 1 

and exp ( i T )  is a time phas or,  ( II .  4 1  a) . 

Equivalent fr e e  s pace field strength, ( II .  38) . 

The positive or negative real  amplitude s of r eal and imaginar y c omponents of the 

c omplex pola r iz ation v e c tor I• ( II. 4 3) .  

The positive amplitude s  of r e al vector s e e and e <I> a s s oc iate d with the a and <1> 

c omponents of a c omplex plane wav e ,  ( II .  4) figur e II. 1 .  

R eal v e c tor s a s s oc ia ted with c r os s  and principal polarization c omponents of a uni­
form e lliptically polarized plane wav e ,  annex II, s ec tion II. 3. 2 .  

Dir ec tions o f  c r os s  and pr inc ipal polarization, chosen so that their vec tor produc t 
e x e is a unit vector in the dir e c tion of propagation, (II. 4 7) . 

p c 
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e e 
c r' pr 

C r os s  and principal polarization field c omponent& of a receiving antenna 

r e s ponse pattern, (II. 49) . 

e . e 
c r  

e
i 

e r 

e 1' e
2 

e
o' 

e q, 

A 
e

o 
e _j> --
e ,  e - - r 

- ·  
e 

I -; I . 
I e I .  c 

E 

E 
0 

E
I 

E l kw 

g 

g
c 

g
c r  

g
p 

pr 
Dir e c tions of c r oss  and principal polarization c omponents of a r e c eiving 

antenna res ponse pattern, ( II.  51) , ( II .  53) . 

The r eal  vec tor a s s ociated with the imaginary c omponent of the time -invariant 

pa rt of a c omplex plane wave .J2 (-;/ i e1) exp ( i T ) ,  ( II .  4lb) . 

The r eal  vector a s s ociated with the r eal c omponent of the time-invariant par t 

of a c omplex plane wave .J2 (-;r + i-;1) exp ( iT ) ,  ( II . 4la) . 

Real vector c omponents of a c omplex polarization vector � which has been 

r e s olved into c omponents which are orthogonal in both s pace and time, (II. 4 3) . 

Real vec tor s ass ociated with the 0 and 4> c omponents of a c omplex plane wave 

.J2 [-;;"9 exp (iT 0) + -;<I> exp (iT 4>) ]  exp ( h ) ,  whe r e  only the phasor exp ( iT )  
depend& on time, ( II.  40) figure II. 1 .  

A unit vec tor e <!> x r perpendicular to e .p and r , ( II . 3  6b) figur e II . l . 

A unit vec tor ( r X � ) I a in e per pendicular to r and X ' (II .  36a) figure II . 1 .  
0 0 

A bar is used under the s ymbol to indicate a c omplex vecto1· :  e 

=._ = -;  + t e"'  , (II . 46) . 
r F c r  -* 

e + i e 
p c 

The c omplex c onjugate of -; : e "" e - ie 
- p - c 

-I e I The magnitudes of. the c omplex vector s e and e , (II .  5 5) . 
- r  . - - t"  I e I , I e I , I e I The amplitudes o f  the c ross and princ ipal polarization c omponents 

c r  p pr 
_, -
e , e , e , and e , section II. 3 .  3 .  c c r  p pr 
Field strength in dbu, (II .  20) . 

The equivalent fr e e  space field s tr ength in dbu, ( II.  26) . 

The equivalent inver se distance field, ( II. 28) . 

Field s trength in dBu per kilowatt effec tive r adiated power, (II .  2 3) -(II . 2 5) . 

Maximum free s pa c e  directive gain, or dir e ctivity, Section II . 3 .  4 .  

The cros s - polarization c omponent of the dir e c tive gain, (II .  57) . 

The c r o s s - polarization c omponent of the dir e c tive gain of a rec eiver, (II .  5 1) .  

Principal polarization dir e c tive gain, (II .  5 7) . 

gpr' 
g

pt 
Principal polarization dir e c tive gains for the r e c e iving and transmitting 

antennas, r e spectively, ( II .  59) . 

g
r n' 

g
tn 

g
o' g <I> 

g ( r l  
g (r) ,  g ( r )  

c p 

th The dir ective gains g
r 

and g 
t 

for the n of a series  of plane waves, (II. 66) 

and (II. 67) . 

Dir e c tive gains as 111ociated with the field c omponents e13, e q,' (II .  3 7) . 

Dir e c tive gain in the direction P, (II. 89) . 

C r os o polarization and princl.pal polarization directive gains in the direction 

r ,  ( II . 94) . 

Directive gains a s s ociate d  with direct  and ground - r e flected ray111, re s pec tively, 

(11. 117) . 
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a ( r
1
) 

pt 

k 

1 

i. ' L 
etv etv 

L , L 
r r  r t  

.P.• l n 

p r' .P. r n  

r 

r 

r fr' r 
ft 

r � v 

r , r 
r t 

r '  , r ' 
r t 

r v 

r '  v 
r 

Principal polarization directive gain of the transmitter in the dir ection r 
1
' 

which h the initial dir ection of the most important pr opagation path to 

the r e c eiver, (II.  18} and { II .  23) to (II.  2 5) .  

I. "' ;..}-::1 .  
Current l.n r .  m .  e .  amperes  whe r e  m = 0,  1, 2, (11. 76) . 

Cur r e nt in r .  m. a .  amper e s  c or r e s ponding to thr ee elementa r y  dipole s in 

three mutu!!lly per pendicular dl.r ectione, (II. 76) . 

Px opagatl.on c onetant, k = 2'1f I >-., ( II .  34) . 

u eed as a subscript to indicate a load, for example, r.1 .,; repr esents the 

impedance of a load at a radio fr equency v, (II .  1) . 

The effective 10111 11 factor for a r eceiving antenna at a fr equency v her tz 

(ll. 6) , L
e r v

"' 10 log L e r v
db, (II. S) . 

The effective lose fac tor for a transmitting antenna at a r adio frequency v 

her tE,  { II .  7) , L = 10 log 1 t db , (II. 9) . 
etv e v 

A mhlmatch lou factor d111£ined by (II. 4) . 

The decibel r atio of the r e11h tance c omponent of antenna input impedance to 

the free space antenna x·ad:lation resbtance for the rec eiving and tranamitting 

antennas, respectively, (II. 11) . 

The ratio of the actual r adiation resistance of the rec eiving or transmitting 

antenrl.a to lte radiation r eml.stance in fr ee space, (11 . 12) , (ll. 13) . 

Pr opagation lou, (II.  14) . 

Bade pr opagation lou, {Il. l 5) .  Bade pr opagation lou in free space b the 

l!larne as basic tranernl.lll lllion los s in free apac e .  

Unit c omplex polarization vector for the inc!.dent wave, (II .  54) , and { II .  68) . 

U nit c·omplex polarization vector associated with a receiving patte rn, (II .  51) 
th 

and with the r eceiving patter n  of the n incident wave, (II .  68) . 

The c omplex 'r eceiving antenna poladzatl.on vector s .E, r for each of two ray 

paths between transmitter and r ec eiver ,  (II. l16) . 

R e t\!l.stance of an antenna, (II . 1) . 
Magnitude of the vector 7 = r r in the dir ection r (e .  <j>) , and a c oordinate of 

the pol;;u· c oordinate system r, e, q,, section II .  3 . 1 . 

Antenna radiation r e !!listance in fre e  space for the receiving and transmitting 

antenna.e,  r e s pectively, (II.  11) ,  (II.  12) and (II. 13) .  

R esistance of a load, { II .  1) . 

Antenna radiation r el!listance of the rece iving and transmitting antennas,  

re epectively, (II.  10) . 

R e sii'!Jtance component of antenna input impedance for the rec etvi.11;g and 

tr ansmitting antennas, r e spe ctively, ( II .  10) . 

Re shtance of an equivalent loa a - fr e e  antenna, (II .  lc) . 

R e l!listance of an ac tual ante nna in ita actuai envir onment, (II lb) . 

The vector distanc e between two pointe , -; :: r  r , (H .  80) . 
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r ,  ee, e<l> 
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x '  • X II v 

i m 
sc . X I' 

x
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z v 
z '  v 
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A unit vector, (II. 3 5) 

A carte sian unit vector c oordinate 11ystem, (II. 3 5) and (II . 3 6) . 

Total mean power flux denllity, ( II .  58) . 
Mean power flux denlllitie11 asuociated with crous-polar!.Eation, and 

pr l ncipal polarization components , ( II .  56) . 

The fraction of the total flux density that contribute s to the available power,  

(II.  7 5) . 

Mean power flux densitie s a s s ociated with left-handed, and right-handed 

polarization, r espectively, (II .  61) . 

Free space field intensity in watt!! per 11quare kilometer,  (II . l6) .  

The statistical "expected value of s , (II. 76) . 
e 

Mean power  flux densities a s s ociated with the cross  and principal polariza-
� -

tion c omponents of !:. in the direction r , (II. 17) . 

Complex open-circuit r .  m .  11 .  signal voltage for c ohere ntly phased multi­

path c omponents, (II .  6 5) .  

The open-circuit r .  m .  s .  voltage for an equivalent loss -free antenna at a 

fr equency v, (II .  5) . 

The actual open-circuit r .  m .  s .  voltage at the antenna terminals at a 

frequenc y v, (II .  2) . 

The available power c orre 11ponding to pr opagation between hypothetical 

ia otropic antennas,  ( II .  7 2) . 

Available power at the terminals of an equivalent loss -fr ee receiving 

antenna at a radio frequency v, ( II .  5) . 

Available power at the terminals of the actual r e ceiving antenna at a radio 

frequency v, (II . 3) . 

Power delivered to the receiving antenna load, at a radio frequency 11, (II. 2) . 

Total power radiated at a frequency 11, ( II .  7) . 

Total power delive1·ed  to the transmitting antenna at a fr equency 11, ( II .  7) . 

R eactance of a load, an ac tual loss y  antenna, and an equivalent los s -free 

antenna, r e spectively, (II .  1) . 

One of three  mutually perpendicular directions, m =0, 1, 2, section II . 3 .  7 .  

Axes of a cartesian unit vector c oordinate system, (II. 3 5) figure II. l .  

Impedance o£ a load, ( II .  1) . 

Impedance of an equivalent los s -free antenna ( II .  1) . 

Impedanc e of an actual loau y  antenna, ( ll. l) . 

The c onjugate of z '11 , following (II. 2) . 
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A small inc r e me nt U!jed in (II.  9 7) and (II .  98) . 

Chara c t e r is tic impedance of free S}W-Ce, - 7  '1 0  = 4w c . l0 , {II . 38) . 

A polar c oordinate, { II .  3 5) .  

Radio frequency in her tz  {cycle s per mecond), Bec t1on II. l. 

Limits of integration ( II .  8), ( II .  9) . 

The time-var ying phase ,. = k (ct  - r) , where c h the free space velocity of 

r a dio-wave s, t ill the time at the r adio sour ce, and r is the length of the radio 

r ay, (ll .  34) . 

Time e lement defined by ( ll . lO 3) . 

The time element ,. 
a 

c or r e s ponding to direct and g r ound-r eflected waves 

at the receiving antenna, (II. 112) . 

A time -independent phase which is a function of 7!, (II. 4 Z) , (ll. 64) . 
th The time- independent phase for the n component of an incident wave, 

s e c tion II. 3. 6 .  

The time -independent phase for two c omponents of an incident wave, 

(II. 118) . 

Initial phae e  of the cur r ent suppor ted by one of m e lementary dipole s, where 

m = 0, 1, 2,  {ll. 79) . 

A function of the ray path, inc luding allowanc e s  for path length differenc e s  

and diffraction o r  refle ction phase 
th The phase function T for the n , 

p 

shifts, { II. 64) . 

fir st, and second plane wave incident 

on an antenna from a single 

Antenna phase response for 

s ource, (Ji. 6 5) and (II. 118) . 

the receiving antenna, (II. 49) . 
th 

for the n , fir s t, and s e c ond plane The antenna phase remponoe, ,. , r 
wave inc ident on the receiving antenna, {II. 6 5) and section II. 3 .  7 .  

Antenna pha®e reoponse for a tranemittl.ng antenna, {II. 64) . 
th The antenna phase re11ponse T 

t 
for the n , fir st, and second plane wave, 

(ll .  6 5) and ( ll.  ll8) . 

Phase !I alil !llociated with the electrical field c omponents e 9, e q,' (II. 40) . 

One of the polar c oordiJ:�.ate iJ,  r, 6, <\>, ( II. 8 9) and figure II. 

The acute angle, o¥ , for each of two waves, {II. 118) . 
p 



Annex III 

SUPPLEMENTARY INFORMATION AND FORMULAS USEFUL FOR PROGRAMMING 

The material of thill annex ill organized into the following s ections : 

1 .  Line - of-sight 

Z, Diffraction over a single isolated obstacle 

3 ,  Diffraction over a single is olated obstacle with ground r eflections 

4 .  Diffraction over irregular terrain 

S. Forward scatter 

6.  Forward scatter with antennas elevated 

7. Long mterm variability 

8 ,  Li11t o£ apedal s ymbols und in annex III 
Sec tion 1 lists geometric optic s formulas for c omputing transmis sion loss over a 

smooth earth, for determining the magnitude and phase of the reflection coefficient, and for 

c omputing a firs t  Fresnel zone along a great c ircle path. Graphs of the magnitude R and 

phase c of the reflection coefficient are included, Sec tion 2 gives mathematical expre s ­

s ions that approximate the curves A(v, 0) ,  A ( O ,  p )  and U(vp) for c onvenience i n  using 

a digital c omputer , Section 3 lists geometric optics formulas used to c ompute diffrac tion 

attenuation when s everal c omponents of the received field are affected by r eflection from the 

earth' s surface , Section 4 defines the parameters K and b for both horizontally and 

vertically polarized radio waves.  Section S shows the function F( Eld) for N
8 

= 2 50 ,  30 1 ,  

3 50 ,  and 4 0 0 ,  and for values of 11 from 0 , 0 1  to 1 .  C urve fits to  the function F(Sd) and 

equations for c omputing H (YJ = 0) are included, Section 6 sugge sts modifications of the . 0 s 
predic tion methods for use when antenna beams are elevated or directed out of the great 

circle plane, Section 7 shows diurnal and seasonal changes in long-term variability . 

Mathematical expre s s ions used to c ompute predicted distributions are shown and a method 

of mixing distributions is described, Section 8 is a list  of special symbols used in this 

annex, 

Section I .  3 of annex I explains an easily programmed method for obtaining ref­

e r e nc e  values of attenuation relative to free space Acr for a wide range of applicatio,rs .  

These  reference value s may be converted to estimate11 o £  transmission los s exceeded for 

100 P = 100 ( 1 - q )  per cent of the time by subtracting the quantitie s V(O . 5) and Y(q) defined 

by ( 10 .  4) and ( 10 .  5) of volume l and dhcu11111 ed al11o in section 7 of this annex. 
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IlL l Line - of- Sight 

Simple formulas for line - of- sight propagation which suffice for most applications ,  are 

given in s e c tion 5 of the r eport, Formulas for g e omet r y  ove r  a smooth ear th and for dete r ­

mining the magnitude and phase of the reflection c oefficient ar e giv e n  her e .  The s e  formulas 
may be used when the g r eat circle path ter rain vis ible to both antennas will support a subs tan­

tial amount of r efle ction, and it is reas onable to fit a smooth convex curve of radius a to this 
portion of the ter rain, 

Figure 5. 1 b illustrates the geometry appropr iate for r eflection of a single ray by a 

smooth earth of effective radius a, In the figure , ljJ is the grazing angle at the geometr ical 

refle ction point l ocated at a distance d 1 from an antenna of height h1 and at a distance d 2 
from an antenna of height h2 , The total path distance d = d 1 + d2 is m easured along an a r c  

o f  radius a ,  T h e  diffe r ence , Ar, between the reflected ray path length r 1  + r 2 and the length 

of the direct ray, r 0, is  calculated to find the pha s e  of a radio field which is the sum of gr ound­

refle cted and free space fiel d s ,  If Ar is l e s s  than 0. 06A., the s e  ray optics formulas are not 

applicabl e ,  For almost all cas e s  of inte r e s t  the angle ljJ is small and the straight line distanc e s  
r 1 , r 2 and r 0  a r e  very nearly e qual to the mean s e a  l evel a r c  distanc e s  d 1 ,  d2 and d .  
g e ometric optic s formulas given below u sually requi r e  double -precision arithmetic , 

tan � =  cot ( d
1

/a)  � ( 1  + h 1 /a( 1 c s c  (d1 /a) 
hl d

l 
� cr;:- - Za 

tan � =  c ot ( d2 /a) o ( l  + h2 /a)- l c s c ( d2 /a) 
h2 d 2 

� d2 
- Za 

The 

(Ill. l ) 

(III. 2) 

,J 2 2 . }Ya 
r0 = l(h1 /a) + ( h2 / a )  - 2(� /a)(h2 /a) + 2 [ 1  + h1 /a. + h2 / a  + (h1/a)(h2/a�] ( l - cos(Q./a) ]  

(Ill. 3)  

(lll. 4 ) 

( III. 5 )  

/::;.r = r 1 + r 2 - r 0 = 4 r 1 
r 2 s in 2 1\J / ( r 1 + r 2 + r 0) • ( III. 6 )  

Equating ( IlJ . l ) and ( lli. Z ) and substituting d - ct 1 for ct2 in ( lll. Z ), the distance d 1 may 
be det e rmined gxaphically or by trial and e : n" or , and tan <jl is then calculated using ( lll. l ). 
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U sing double prec ision a:dthmetic, (III . 1) through (ill . 6) give an accurate eutl.mate of the 
path diffe r e nce At· for reflec tion of a llinsle ray from a smooth earth .  Thil value i s  then used 

in ( 5. 4) or ( 5.  5) o£ sec tion 5 to c ompute the attenuation relative to fr ee space . 

If either h 
1 

or h2 greatly exceeds one kilometer,  and if it is considered worth-

while to trace rays through the atmosphere in order to determine 1\J more accurately ,  

value s of d
1 

o r  d
2

, tabulated by Bean and Thayer [ 1959  ] ,  may be used, Given h
1
, h

2
, 

and the surface refractivity, N8 , select trial va-lues for 1\J, calculate d
1 

and d2 , and 

continue until d
1 

+ d
2 

= d. Then (ill, I )  and {III.2 )  mus t be solved for new values of h 
1 

and h
2 

if { III. 3),  { lll.4), and { IlLS) are used to obtain the path difference ,  

6.r = r 
1 

+ r 
2 

- l' 0 , 

The symbols R in { 5. 1 )  and c in { 5.4) r epresent the magnitude and the phase 

angle relative to 1T, respectively, of the theoretical c oefficient R exp[ -i (rr-c) ] for reflec ­

tion o f  a plane wave from a smooth plane surface o f  a given conductivity tT and relative di­

elec tl"ic c onstant E • Value s of R and c as a function of the gra21ing angle 1\J are shown in 

figur es lll. l to Ill. 8  for vertical and horizontal polarization over good, average , and poor 

gr ound, and over sea water .  The magnitude R of the smooth plane earth reflection co­

efficient is designated R
v 

or R
h 

for vertical or horizontal polarization respe ctively, 

and is read on the left-hand ordinate scale using the s olid curves .  The phase angle relative 

to n, is de signated cv 
or c

h 
for vertical or horizontal polarization respectively, and 

is read in radians on the right-hand s cale using the dashed curves,  As seen from the se 

figures in most cases when the angle l\1 is small, R is very nearly unity and c may be 

set equal to zero. A notable exception occurs in the case of propagation over sea water 

using vertical polarization. 

In preparing figures Ill. l to m. s. the following general expressions for the mag-

nitudes R
v 

and· R
h 

and lags {1T - c) and {11 - c
h

) were used, In these  equations , 

is the ratio of the surface dielectric constant to that of air , tT is the s urface conductivity 

in mhos per mete r ,  f i s  the radio frequency in megacycles p e r  second, and 1\J i s  the 

grazing angle in radians . 

4 
X = l, 8 0  X 10 IT /£, q = x/( 2p) 

2 2 2 l Yz 2 COS lj/) + X + (E • C OS lj/) 
J 

b 
2 2 

E + X  
2 2 • 

b = h 2 2 
p + q 

m 
v 

v 
p + q 

2(p t + q x) 
2 2 

p + q  

III- 3 

2p 
2 2 

p + q 

{ ilL 7 )  

{Ill. 8) 

{Ill. 9 )  

{Ill. 10) 



R
2 

v 

R 2 = 

h 

1T � c 
v 

� 1 ( x sin <\J - q \ - 1 ( tan --:---::--......_ /) - tan , 
\. E sin 4' - p , 

x sin l!l + q ) � ein �J + p 

(III. l l ) 

(Ill. 1 2 )  

(III, 1 3 ) 

(III. 1 4) 

The a ngle  c v is alway f.l positive and les s  than n ,  and c
h 

is always negative with an ab­

solute magnitude le s s  than n, The pseudo Brewster angle, where c
v 

suddenly changes from 

near zero to 1r I 2, and where R is a minimum, is sin - l �, v v 
For grazing angles le ss than 0. 1 radian, for overland propagation, and for fre -

quencies above 3 0  Mc/s ,  excellent approximations t o  (III, l l ) and (ill, l 2 )  are provided by 

the following formulas: 

R
v 

= exp ( - mv <]J) 

Rh = el(p ( - m
h 

<]J) 
(lll. lS) 

(III, l6) 

The ass umption of a dill crete reflection point with equal angle s of incidence and 

refle ction as shown in figure 5, 
1 is an overs implification. Actually, refle ction occurs from 

all points of the surface ,  For irregular terrain, this is taken into account by a terrain 

roughnes s  factor !J"
h

' ( subsection 5 ,  l ) ,  which is the r .  m .  s .  deviation of te rrain relative to 

a smooth curve computed within the limits of a first Fresn ... l zone in a horizontal plane, The 

outline of such a Fresnel ellipse is determined by the condition that the length of a ray path, 

r1 1 + r 2 1, corresponding to s cattering from a point on the edge of the ellipse is half a wave 

length longer than the geometrical ray path, r1 + r2 , where the angle s of incidence and 

refle ction are equal. 

The first .Fresnel ellipse cuts the great circle plane at two points , x
a 

and "b 
kilometers from the transmitter, The distances x

a 
and '1, are defined by the r elation 

(III. 17 )  
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The exact solution for x is 

+ 4 rl:r2 /[ (rl + r2 )
2

1i ] 

where 

cos \jJ = d /:r = d /r l 1 2 z • 

d1 , d2 are defined by ( 5,7) ,  and >.. is the radio wavelength in ldlorneters ,  

(:UY. ! H )  

As an alternative method, the points xa and � may be  computed in terms of path 

distance ,  the heights h{ and h�, and the radio frequency. In this method, the distance 

x0 to the center of the first Fresnel zone is firs t  computed, then the distance x1 from the 

center to the margin of the zone is subtracted from x0 to give "'a' and added to give �· 

(:UI. l 9 )  

where 

(III. 20)  

(ilL 21 ) 

km , km . 
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The mothod given h1 (Ul. l 9 )  to (lU,2. l )  ! B  applicable whenever t1 > >  '1... If in addi� 

tion, h� h� < < d 2· ,  the c omputation of B, and x1 may be simplified as follows : 

2 -1 
B = [ o. 3 d + f (h� + h�) J (ill. 22)  

(ill. 2.3) 
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W. Z Diffraction over a Single Isolated Obstacle. 

The theoretical diffraction los s curves on figure s  7 . 1  to 7,4 have been fitted by 

arbitrary mathematical expressions for convenience in using a digital c omputer ,  

The diffraction loss for an isolated rounded obstacle and irregular terrain is given in 

section 7 as : 

A(v, p )  = A(v, 0) + A(O, p )  + U(v p )  db 

where the parameter v is defined as 

v = :I: Z ...rzs:.:rr>: 

or 

and p nn index of curvature of the :r ounded obstacles i s  defined as:  

(7 .  7) 

( 7. la) 

( 7 .  lb) 

( 7 .  8) 

For an ideal knife edge, ( p  = 0) ,  the diffraction loss is A(v, 0 )  and is shown on 

figure 7 . 1 .  For values o f  v from -0 . 8  t o  lar ge positive value s ,  this c urve may be 

approximated using the following mathematical expressions : 

F or -0 . 8 S v S 0 ,  

z 
A(v, O) :: 6 . 0 Z  t 9 . 0  v + 1 . 65 v db • .  

For 0 S v S z . 4 ,  

. z 
A(v, O) = 6 . 0 2  + 9 . ll v - l . Z7 v 

For v > 2 . 4 , 

A(v, 0) = 1 2 . 9 53 + 20 log v db . 

The theoretical curve for A( O,  p )  is approximated by : 

2 3 A(O, p) = 6 . 0 2 + 5 .  5 56 p + 3 . 4 18 p + 0 ,  256 p db , 

and the curve U(v p )  is approximated as follow s :  

III- 1 5  

(W. Z4a) 

(W. Z4b) 

(III. 24c ) 

(W, 25 )  



For vp :S 3:  
2 3 

U(vp ) = 1 1 . 45 vp + 2 .  19 (vp ) - 0. 206 (vp ) - 6 .  02  db . 

For 3 < vp :S 5: 
2 3 

U(vp ) = 1 3. 47 vp + l. 0 5 8  (vp ) - 0. 048 (vp ) - 6. 02  db . 

For vp < 5: U(vp ) = 20 vp - 18. 2 db • 

An ave rage allowance for terrain foreground e ffects may be made by adding a term 

1 0  exp (-2.  3 p )  to A(O,  p ) .  This term give s a corre ction which ranges from 1 0  db for 

p = 0 to l db for p ::: l • 

When r eflections from terrain on either or both sides of the obstacle s hould be dm-

(ill. 26a) 

(ill. 26b ) 

(llL 26c) 

side red, the method given in the following s e ction may be used. This method consider s; the 

diffraction los s and phase lag over the diffracting obs tacle, and the path length differences 

and r e fle ction c oe £ficienta o f  the reflected wave s ,  

Ill - !6 



III. 3 Diffraction over a Single Isolated Obstacle with Ground Reflections 

Diffraction over an is olated obstacle is discussed in s ection 7, wher e  ways of approx­

imating the effects of reflection and diffraction from foreground terrain are indicated. Where  

the e ffects of  reflection are  expected to be  of  great importance , such as in  the case of  prop­

agation over a large body of water ,  the following geometric optics method l¥Y be used. 

Figure III.9 illustrates £our distinct ray paths over a knife edge ; the first ray is not 

reflected from the ground, the second and third are each reflected once,  and the fourth ray 

is reflected once on each side of the knife edge . Each ray is subject to a diffraction los s 

and a phase  lag � .  at the knife edge , where j = 1 ,  2, 3, 4. Both f .  and <I> .  depend J J J 

f .  J 

on the knife -edge parameter v given in se ction III.2 .  When the isolated obstacle is rounded, 

rather than an ideal knife edge , the diffraction loss depends on v and p ,  where p is the 

index of curvature of the crest radius , defined in section III. 2 .  The parameter v may be 

written: 

where l::i. . is J 
A 1 = 

r l + r 2 - r 
0 '  

Ll.
2 = r 1 1  + r 12  + r 2 - r 

02  

(ITI. 2 7 )  

(III. 2 8 )  

Path differences A. used to calculate v .  in (III. 2 7 )  are close ly approximated by 
J J 

the following formulas : 

e. = e + e . 
J J l' 

The total phase change Ill (v, p )  at an is olated rounded obstacle is 

2 <I> . = l'i! .(v, p )  = 9 0  v + <!>(v, O )  + <!>( O, p) + .p(vp ) J J 

(III, 29 )  

(III, 30a) 

where the functions q,(v, 0), <!>( 01 p) ,  and .p(vp )  are  plotted as dashed curves on figures  

7. 1 ,  7 , 4, and 7.  5. For an ideal knife edge , where the radius of curvature of the crest is 

zero,  p ::: 0, and (III. 30a) reduce s to 

Ior v > 0 

for v :;; 0 

2 <I> .(v, 0 )  = 9 0  v + .p(v, 0 )  
J 

� . (v,  0) <f>( v, 0) • J 

(III. 30b) 

( III . 30c) 



The three component�!� of the rece ived field which are affected by reflection from the 
earth ' s  surface depend als o  upon effective ground refle ction c oefficients R ., exp [-i('!f - c ) ] e ..  2 
and R 3 exp bl('IT - c 3) ) ,  defined in Be ction 5, and upon ray path differences Ll. and Ll. : e 2r 3r 

2 
LI.Zr " r l l  + r l Z - r l � 2 tjJl d l l  dl l/dl 

2 
Ll.3r = rZ l + rzz - r2 � 2 tPz d2 1 d2 2 /dz ' (ill. 3 1 )  

Usually, it may b e  assumed that c 2 = c 3 = 0 s o  that the reflection coefficients are -Re z 
and -Re 3 • 

Intr oducing the pr opagation constant k = 2 11/ A., the attenuation relative to fre e  space 
is then 

A = - 20 log { I £ 1 exp(-i w 1 ) - R e Z £2 exp ti( � 2 + k 6.2) J 
- Re 3 £3 exp [-i(w 3  + k -::1.3 ) 1 + Re 2  Re 3 £4 exp c i( IJ) 4 + k 6.2 + k 6.3) ] I }  db (III. 32 ) 

where 

c .  
J (Ill. 33)  

Pearcey [ 1 9 56 ] ,  and the NBS AMS 55  Handbook o£ Mathematical Functions [ 1964 ] give 
complete table s ,  se ries expansions , and asymptotic expressions for the Fresnel integrals 
C .  and S . .  The magnitude £. E'! f(v . )  for v = v .  may als o  b e  determined from figure 7 . 1  

J J J J J 
and the expres sion 

and whe re v is larger than 3: 

log f(v . )  = - A(v . ) / 20 
J J (III. 34) 

(IlL 35)  

Figure Ill. lO 19 a nomogram which may be us e d  in the determination of  f(v . )  and .z> ( v . )  
J J 

for both pos itive and negative values of v, This nomogram is based on the representation 
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of Fresnel integrals by the C ornu s piral, 

The gene ral proble m  requires calculating 0 ,  d,  d 1 , d2 , d 1 1 , d 1 2 , d2 1 , d2 2 , 

.v1 , and <¥2 , as shown in figure III. 9 .  

1 . Calculate 0 .  and �- for j = 1 , 2 , 3 ,  4, us ing (III. 29) .  
J J 2 . Calculate v . • c . •  sj ' f . • and � . .  using ( III. 2 7 ), ( III. 33 ), and figure 7 . 1 . 
J J J J 

3, Calculate � and � from ( III . 3 1 ). ar 3r 
4. Cal culate R and R from ( 5. 1 ), or as s ume that R R 1 . ez e3 ez e 3  
5. Substitute these  values in (III. 32 ) , 

To che ck the calculation of e ach v .• the approximation given in (III.Z 7 ) may be us ed,  with 
J 

the following formulas for a . = d2 0 . /d and p . = d1 0 . /d: OJ J OJ J 

a0 1 = d2 O/ d  P o l d l  e /d  

aOZ = aO l + Z d l l  tjJl dZ /(dl d) 

a03 = aO l + Z dzz t\1/d 

Poz f3o l + Z dl l 4J l /d 

Po 3 = P o l  + 2 dzz lJ!z d l /( dz d) 

Po4 = Poz + Po 3 - Po l · (III. 36)  

Two special cas e s  will be described for which ( III.2 9 )  and ( III. 3 1 ) may be s implified, 

First,  a s s ume that e ach refle cting surface mq.y be c onsidered a plane . Let h and h t tm 
be the heights of the transmitting antenna and the knife edge above the fir st plane , and let 

h and h r m  r be the heights of the knife edge and the receiving antenna above the s e c ond 

reflecting plane. 

h • rm h • r 

As sume that �r 

the parame te r s  

is  ve ry s mall for every �. In te rms o f  the heights ht' 

e, d 1 , and d2 and the paramete r dr = d 1 d2 /( Zd ) : 

(lll. 3 7) 

The se cond s pecial case assume s a knife edge ove r an othe rwise smooth e arth of 

effective radius a, with antenna heights ht and hr s mall compared to the height of the knife 

edge . In this cas e ,  \ and hr are heights above the smooth curved e arth. The angle of 

elevation of the knife edge relative to the horizontal at one antenna is eht and relative to the 

horizontal at the othe r antenna is ehr ' Refe r r ing to ( 5, 1 2) :  
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For this special cas e ,  the formulae (Ht,29)  for A. .  may be simplified by writing J 
2 2 

e2r :: t>,Zr d l /( 2 ht) ' e3r = t>,Jr d2/(2 hr) . 

lll- 2..0 

(W. 39)  
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III. 4 Parameter s  K and b • for Smooth Earth Diffraction 
0 In section 8, the parameters K and b are s hown on figures 8 . 1 and 8 .2  for 

horizontally and vertically polarized waves for poor , average , and good ground, and for sea 
water ,  

A ssume. a ·  homogeneous ground ln which the relative dielectric constant E and 
conductivity cr of the ground are everywhere constant . K and b 0 are defined as follows : 

For horizontal polarization , 

0 - 1  (-E
X
- 1 ) bh = 1 80 - tan 

For vertical polarization , 

K v 
2 2 Yz (E + X  ) Kh 

- 1  - l ( E
x
- 1 )  bv 2 tan (E/x) - tan 

(III. 40a) 

degrees . (III. 40b) 

(III. 4 la )  

degrees (Ill. 4 lb )  

whe n· x depends on the groW'ld conductivity rr ,  in mhos p e r  meter, and the radio frequency 
f ,  in me gacycles pe r second, and has been defined by ( Ill, 7) as 

4 X = 1 ,  8 X 1 0 rr /f 

C: is defined in se ction 8 as 
0 

I 
C ( 8497 /af3 

0 

where a is the effective earth ' s  radius in kilometers .  
-4  When rr/f  > >  ( E /2 )  X 1 0  , the paramete r s  K and b0 may be written as  

and when 

-4 £1 / 6  � - 1 /2  Kh <>< l , 32 5 X l 0 C
0 

v 

K <>< 2 , 385 C rr 1 12 f- 5 / 6  
v 0 

b "' 0 v 
0 

-4 rr/f < < ( E  / 2 )  X 10 , the paramete rs K and b" may be written as 

! IT - 2  3 

(III. 42} 

(III. 43 )  

( Ill. 44) 
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Ill. 5 Forward Sc atter 
The a ttenuation function F ( 9d) for N 6 :: 2. 50 ,  30 1 ,  3 50 ,  and 400, shown l.n figure 

9 . 1 .  may be used for most land-based e c atter links . W hen a path b highly a s ymmetrical, 
the atte nuation for a given value of ed ilil leiHi than it w ould be for a ll }'mm e t r ic al path. 
Figur e s  UI . l l to lll . l 4 e how the function F( Od) for value s of 11 f r om 0 , 0 1  to 1 ,  and 
for N " 2 50 ,  30 1 ,  3 50 and 4 0 0 . F o r  value s of Od :S 1 0 , the effe c t  of a s ymmetr y ill neg -

a 
ligible, but inc r eas e s  w i th inc r ea sing 9d , par ticula r ly when B < 0 ,  5 .  

F or value s of B between 0 , 7  and 1 ,  the functi.on F( Od) for N 8 = 30 1  may be 
c omputed a s  follow s :  

for 

for 

fo1· 

0 . 0 1  s ed .::; 1 0 ,  F ( ed) 1 3 5 . 8 2  + o.  3 3  ed + 30 log ( 9d) 

1 0 :S 9d :S 70 ,  F(O d) 1 2 9 . 5 + 0 . 2 1 2 0d + 3 7 . 5 lo g ( Od) 

ect � 1 0 ,  F( Od) 1 1 9 .  2 + 0 .  1 57 Od + 4 5 log ( Od) • 

( III. 4 6) 

(ill . 4 7) 

( III . 48) 

The function F( Eld) ma y be obtaine d for any value of N 11 ,  by modifying the value 
c omputed fo r Nfl = 30 l ; 

F ( Od, N )  = F ( Od, N = 30 1) - O . l (N - 30 l) e . [ =Od/ 40 ] 
fJ B 1!1 

The fr eque n c y  gain function, H0 , for the s p e c ial c a s e  hte = hr e  fr equently u s e d  
i n  s y s tems d e s ign, in s hown a B  a function o f  r o n  figur e f!l  UI . l 5 t o  lli . l 9  for 118 = l ,  2, 3 ,  
4 ,  5, and f o r  s = 1 ,  0 ,  5 ,  0 .  2 5  and 0 ,  1 . I n  this c a s e ,  no c or r e c tion factor �H i s  r e ­· o  
quire d .  

The func tion H0 for 11 8  "' 0 , !lhown o n  figure 9 .  5 c or r e s ponds to the a s s umption 
of a c on s tant atmos phe r ic r e frac tive index, Except for the s pe c ial c a s e  w he r e  hte = hr e  
this func tion may be c omputed a a  follow s :  

whe r e  r 1 = 4n e "te / A. , 

0 )  = (III . 49) 
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and 

Ci ( r )  = Sr 
cos t . t dt • 

"" 

r 
Si( r )  = S s�n t dt • 

0 

( Ill. 5 0 )  

(Ill. 5 1 )  

Values of the s ine inte gral Si(r )  and the cosine integral Ci ( r )  for arguments from 
l 0 to 1 00 are tabulated in volume 32 of the U. S, NBS Applied Math Series ( 1 9  54 ] ,  See 
al s o  [ NBS AMS 1964 ] ,  The function h{r )  is shown graphically in figures III, 20 and III. 2 1 .  

For the special case of equal effective antenna heights , hte � hre ' equation (ill,49) 
is not applicable , In this case H0( "s  = 0 )  is computed as:  

whe re 

H0(f18 = 0 )  = 1 0  log {· 2 
4 } . r [ h( r ) - r g( r ) ]  

g(r )  = C i( r )  COil r - [ rr/2 - Si(r ) ]  sin r 

(III. 52 ) 

( III. 5 3 )  

When the effective height o f  one antenna i s  very much greater than that of the othe r ,  
the computation may b e  simplified a s  follows :  

For r 2 < < r1 , (III, 54a) 

(III. 54b) 

III- 2 5 
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Ill. 6 Trantlmia sion Los s with Antenna Beams Elevated 

or Dire cted Out Gf t+te Great Circle Plane 

The methods of se ction 9 may be modified to calculate a reference value of longtiterm 

median transmi s sion loss when antenna beams are either elevated or directed away from the 

great circle path between· antennas . For many applications , the average transmis s ion loss 

between antennas with random relative orientation is about 10 db more than the basic trans � 

mis sion los s ,  which a11 11umes zero db antenna gains, 

Figure rn.zz shows scattering subvolumes at inte rsections of antenna main beams 

and s ide lobes ,  A "scatter" theory assumes that the total power available at a receiver is 

the s um of the powe rs available from many scatte ring subvolume s ,  For high gain antennas , 

the interse ction of main beams define s the only important scattering volume , In general, all 

power c ontributions that are within 1 0  db of the largest one should be added. 

For a total radiated power w : 
t 

tiO. l L 
w /w = 10  

sr 
a t (ill. 55) 

where L is the transmis sion loss and L. is the loss ass ociated with the i th power 
s r  1 

contribution, w 
ai

: 

In (ill. 57 )  £, d, 

similar terms in (9 , 1 ) .  

\' -0, 1 L. 
- lO l og L 10 1 (ill. 56 ) 

i 

(ill, 57)  

and A are defined as in (9 . 1 )  and the othe r' terms are r elated to 
a 

If the effective scatte ring angle e . for the i th intersection is 
e1 

equal to the minimum s cattering angle 6, then F( O , d ) , F 
i

' H 
i 

are equal to F( Sd), 
e1 o o 

F , and H , and G
t

. + G . - L . = G , o o 1 n g1 p Note that a term 2 0  log (r 
0

/ d) has been added 

in (W. 5 7 )  to provide for
. 

situations where the straight line distance r 
0 

between antennas 

is much greate r than the sea -level arc distance d. Such differences occur in s atellite com-

muni<-ation, 

Scattering plane s ,  de fined by the directions o£ incident and s cattered energy, may or 

may not coincide with the plane of the great circle path, Each "scattering plane" is 

determined by the line between antenna locations and the axis of the stronger of the two 

intersecting beams , making an angle !', with the great circle plane , 



The free space directive pin patterns of the antennae a.re replaced by equivalent values 

for ease in computation. For an idealized pencilNbeam antenna with a. ha.U-power bea.mwidth 
2 2 6  and a circular beam cross�section, the dire ctive gain g is 4 / 6  , assuming that all of 

the powe r is radiated through the main beam and between the half-power points, An equiva­
lent beam pattern with a square cros s -section and a semi-beamwidth 60 has a gain of 

2 rr / 6  , thus 6 = 6..rifTil, and the maximum free space gains are 
0 0 

db 

db 

(ill, 58a) 

(ill. 58b) 

where the subscripts w and z refe r  to azimuthal and vertical angles .  In most cas e s ,  
Ya 6 and 6 may be replaced by their geometric mean, li = ( li o ) • The free space wo zo 0 wo zo 

directive gain of a main beam may be measured or approximated as g or 'IT/( 2 li 6 ). Gains 0 wo zo . 
for s ide lobes are determined from g0 

and the ratios g 1 /g0, g2 /g0, • • • , which may be 
measured or calculate d, The average gain gb for other dire ctions depends on the fraction 
of powe r radiated in those directions, For instance , if half the total power of a transmitter 

is radiated in the s e  directions , and if the polarization coupling los s ,  L , is 3 db, then cp 

since the definition of the directive gai n, �t' as sumes for every direction the receiving 
antenna polarimation appropriate for maximum power transfe r ,  

Figure Ill. 2 3  s hows an antenna power pattern i n  s everal different ways , including a 
Me rcator projection of the s urface of a unit sphere, 

The plane that determines the "bottom" of a beam is perpendicular to the great 
circle plane and forma an angle lj!i with a horizon plane : 

(ill. 59 ) 

wher e  Ob i s  the angle o f  elevation o f  the lower half�power point o f  a beam above the hori­
zontal, and 9 et  is  defined :in s ection 6, 1f  an antenna beam is elevated sufficiently s o  that 
ray bending may be· ne glecte fl, the angles ae and j3e are denoted aeo and j3eo :  

j3 ::: (j3 + ljJ ) sec � eo oo r (ill. 60) 

whe r e  � is the angle away from the great circle plane , The angles a00 and j300 are 
define d as in section 6 us ing the actual radius, a0 <>< 6 370 km, instead of an effective radius 
a .,  



When ray bending muet be considered, the equations for 

a e = a + -r ( eb , 
eo t 

� " �  + ,.  ( eb ' e e o  r 

dLt s e c  � 
Ns) • T ( abt ' 2. • 

dLrs e c  � 
2 Ns ) - T ( eb r '  

Ill and �e are e 

d sec � 
NJ ( ill. 6 l a) 2. 

d sec � 
Ns) (III, 6 l b )  �,..-- .  

whe re -r (eb , d, Ns ) is the bending of a radio ray which takes off at an angle eb above the 
horizontal and travel s  d kilometers through a n  atmospher e  characterized by a s urface 
refractivity N8 , The ray bending T may be dete r mined using methods and table s  furnished 
by B ean and Thayer [ 1 959 ] ,  For s hort distance s ,  d ,  or large angle s ,  eb , T is neglig ­

ibl e .  If eb is le s s  than 0. 1 radians , the effective earth ' s  radius appr oximation is adequate 
for dete rmining T ,  

[ 1 - a /a( N ) ] • 0 8 ( l!l, 6 Z )  

The reference value of long -te rm median transmi s s ion loss L 8 r  i s  computed using 
(ill.56)  where the l o s s e s  a s s ociated with seve ral s c attering s ubvolume s are computed using 
(lll. 57) ,  The attenuation function F(d 9ei ) is r e ad from figure 9. 1 or figur e s  ill, l l - W. l 4  

a s  a function of e . , 

whe re 

el 
The generalized s cattering efficiency term F . is  01 

F0i ::: l , 086 ( n  /h ) ( Z  h - h1 - h - hL - h ) "Se e o e t Lr 

h e 
z s d e /( 1 + s ) , 

e e e 

db (W. 6 3 )  

( III. 64) 

and the other terms are defined in se ction 9 .  In c omputing the frequency gain function Hoi' 
if a > a  use r 1  = "" •  if fle > !30 us e r 2 = oo; then H . = H + 3 <lb. If both antennas e o 01 o 
are elevated above the horizon rays , H0i = 6 db. Atmospheric absorption Aa is dic:cus s e d  
in s e ction 3 .  The gains Gti and Gr i  a r e  the fre e  s pa c e  directive gains defined by (ill. 58), 
and the los s in g ain L . is  computed a s  shown in s ection 9 r eplacing "��a • s, 6, and a gl 
by '�a e , s e , lie , and e 

e • 



In computing long-term variability of transmission lose for beams elevated above the 

horizon plane , the estimates of V and Y given in section 1 0  s hould be reduced by the 

factor f(Uh) shown in figure lll, 24, with ( \ = (\: 

V uo . s. d ) =  V(0 . 5, d )  £( 9,..) 
e' e · e u (m. 6 Sa) 

The angle Gh· used in (lll.65) should be the elevation above the horizontal of the 

scattering subvolum.e corre sponding to the ininimum value of Li , 

lll- 40 
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III. 7 Long- Term Power Fadivg 

Long -term power fading is dl.i!cuued ln section 1 0 .  Figure s  1 0 .  S to 10 . 1 6  show em­

pirical estimate s of all-year variability for ( 1) continental temperate ( l) maritime tempera
.
te 

over land and ( 3) maritime temperate over&ea climate s .  The curves ehown on theee figure s  

ar e based on a large amount of data. E 11timat!l! s of variability in other climate s are based on 

what i s  known about meteorological conditions and their effects on radio propagation, but have 

r elatively few measurements to support them. 
Figm:·es m. zs to m.Z9 show curves of variability relative to the long-term median, 

prepared by the CCIR [ 1963 f ]  for the following climatic regions : 

(4) Maritime Subtropical. Overland. 

( S )  Maritime Subtropical, ·Oversea,* 

(6 ) Des ert. 

( 7 )  Equatorial. 

(8 ) C ontinental Subtropical. 

In s ome cases , r andom path differences have undoubtedly been attributed to climatic dif­

ferences,  Available data were normalized to a frequency of 1 00 0  MHz , and the curves 

correspond to this frequency. They show all-year variability Y(q, d
e

' 1000 MHz) about the 

long- term median as a function o! the effective dis tanc e d
e 

defined by ( 10 .  3) . Variability 

estimates for other :frequend.elil are obtained by using the appropriate correction factor g(£ ) 
shown ln figure m. 30 : 

Y(q) = Y(q, d
e

' 1000 MHz) g(f ) •  (m. 66) 

The empirical curves g(f) are not intended as an estimate of the dependence of long;. 

term variability on frequency, but reprelilent an average of many effects that are frequency• 

sensitive, as discue sed in section 10, 

Variability about the long-term median transmiss ion lou L(O . 5) ill related to the 

long-term reference median L
cr 

by means of the function 

The predicted long-term median transmis e!on loss is then: 

L(O . 5) " L - V(O . 5, d ) 
cr  e 

and the predicted value for any percentage of time is 

L(q) ,. L(O . 5) - Y(q) • 

V(O . 5, d ) shown on figure 1 0 .  1 .  
e 

(:W. 67) 

(m. 68) 

* Cunsli! for clim.ll\te 5 Mve b0®n deleted, They wen bafl!sd on, a vuy flmtt11 ,_mOWlt of 
dam. For hot, moiot tropl.c!ll l >;u•sam \UI E!'l  clim.ll\t E!'l  4, and f.or coafllt:al arsao whste pr411vall!fts 

w!.n©!.lll are £rom the OC!i!!lm., l.'ttil ® clb;.aate 3 , . 



m. 7, 1 Diurnal and Seasonal Variability in a C ontinental Temperate Climate 

The curves shown in figure s  10,5 to 10, 16  and III. 2 5  to Ili.29 repr esent variability 

about the long -term median for all hours of the day throughout the entire year , For certain 
applications , it is important to know something about the diurnal and s e as ona l  change s that 

may be expected, Such changes have been studied in the c ontinental United State s ,  where a 

large amount of data is available. Mea&urement programs r e corded VHF and UHF trans . 
miss ion loss over particular paths for at least a year to determine seasonal variations, Data 

were r e corded over a numbe r of paths for longer periods of time to study year -to -year 

variability, 
As a gene ral rule , tr ans mis s ion los s is le s s  during the warm s ummer months than in 

winte r , and diurnal trends are usually mos t  pronounced in summe r ,  with maximum trans ­
miss ion loss occurring in the afternoon. The diurnal range in s ignal level may be about 
1 0  db for paths that extend just beyond the radio horizon, but is much l e s s  for very short or 

very long paths , Variation with s e a s on usually shows maximum los s e s  in mid-winte r ,  

espe cially o n  winter afternoons , and high fields i n  summe r ,  particularly during morning 

hour s .  Transmission loss is often much more variable over a particular path in s ummer 
thanit is during the winter ,  especially when ducts and elevated laye rs are relatively common. 

The data were divided into eight "time blocks" defined in table ill . l .  The data were 
as sumed to be statistically homogeneous within each of the time blocks , With more and 
shorte r time blocks , diurnal and eeas onal trends would be more precisely defined, except 

that no data would be avail�ble in some of the time blocks ove r many p r opag ation paths, Even 

with the division of the year into winter and summer and the day into four periods as in table 
III. l , it is difficult to find sufficient data to describe the s tatistical charaCte r istics expe cted 

of transmission los s in Time Blucka 7 and 8, 

Table III. l 
Time Blocks 

No, Months Hours 

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 8 00 - 2400 
7 May - Oc t, 0000 - 0600 
8 Nov, - Ap r ,  0000 - 0600 

In s ome applications , it ie ,convenient to c ombine ce rtain time blocks into groups ,  !or 
instanc e ,  s ome characteristics of long -tlerm variability are s ignificantly diffe rent for the 
winte r group ( Time Blocks 1 !  l., 3, 8) than for the s umme r g r oup ( Time Blocks 4, 5, 6, 7) ,  
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In othe r climatl.c regl.ona, if the �Annual range of monthly averase valuea of N h 
Ill 

le u than 20 N units ( figure �. 3 1) ,  seuond variations are expected to be negligible , One 

would aleo expect le a s  diurrml change, for example, in a maritime temperate climate whe r e  

changes i n  temperature during the day a r e  less extreme , In c limate• wher• N chanaeo con-
• 

siderably throughout the year, the con11ecutlve 4 � 6  month period when N ill lowe s t  may be 
II 

I!.B IIlumed to c or r e s pond to "winter", whatever months may be involved, 

For the U . S. on1y, the parameter V(O . 5, d
e

) for each of the eight · time blocks and for 

" eumme r "  and "winte r "  is shown in figure ill. 32 . Curves of the variability Y (q, d
e

, 100 MHz) 

about the long-ter m  median for each of the s e  time11 of day and s e a11 one are 11hown in figure s  

III. 3 3  to ill. 4 2 .  The s e  curves ar e drawn for a frequency of 100 MHz . Fl!Jures  ill. 3 3  and 

lli . 34 show the range 0 . 0 1  to 0 . 99 of Y(q, d
e� lOO MHz) for the winter ti'me blocks, 1, 2, 3, 

8 and the· emmmer time blocks 4, 5, 6, 7. Each gr oup of. data was analyzed separately. Some of 

the differenc e s  shown between time blocks 1, 2, 3, and 8 are pr obably not s tatiatically signifi­

cant . Marked diffe renc e s  from one time block to another are observed during the summer 

months . 

Figur e s  �· 3 5  thr ough ill . 42 mhow data c oded in the following frequency g r oup111, 8 8 -

1 0 8 ,  1 0 8 - 2 50 and 400 to 1 0 50 MHz am well u curves for Y(q) drawn for 100 MHz . In gen­

eral the e e  figuretil ehow more variability in the two higher frequency gr oupa e specially during 

" summer "  ( time blocks 4, 5, 6 and 7) . Becauae of the r elatively small amount of data no at­

tempt wae made to derive a frequency factor g(q, f) for individual time blocka . 

The curvee for mummer, winter, and all hour a shown in figure a 1 0 .  1 3  through 1 0 . 22 

r e pr e eent a much larger data mample , since time block information was not availabie for 

s ome paths for which summer or winter dis tributions were  available. 

The emooth curvel!l of V(O . 5, d ) and Y(q, d , 100 MHz) ver aus d shown in fig-
e e e 

ur etil 1 0 .  1 3, 1 0 . 14,  ill. Z S  to ill. 29 and ill . 32 to ill. 42 may be repr e aented by an analytic func -

tion of the geneX"al form: 

where 

V(O , 5) ) 
Y(O . 1) ? 

-Y(0 . 9) \ 
I 

n 
f�(d )  "' f + ( f  - f  ) exp( -c d 2. 

"' e "" m "" z e I 

(ill . 69 

(lli. 70) 

The teX"ms c 1, c 2, c 3, n1, n2, n3, f
m

' and f "" in (ill. 69) and (ill . 70) are c onstants 

for any given time block and value of q .  The parame ter s  fm 
and £00 are maximum and 

as ymptotic value e, r espectively. Tables ill. 2 to Ill. 4 lis t  values of the eight parameter s  re-

quired i n  (III . 6 9 )  t o  obtabl V(U . s �  cl ) , Y(O . 1 ,  d '  I 100  lviHz.j ao.d ..,. Y(O . 9. d • 1 0 0  lvfHz) fer the 
e e e 

eight time blockm in table Ill. 1, and fo:!' !llummer, winter,  and all hour e .  The c on11tant111 given 



in Table111 Ill. Z to Ill. 4 for aummer, winter and all houra were determined umins only radio 

path111 for which time .block information b available , They do not yield the curve s  ahown in 

figure D  10 . 1 3 and 10 . 14 of aection 10,  which repreaent a much larger data aample , 

Tables III. S to Ill. 7 liat values of the eight parameter s  ln (Ill. 69) r equired to compute 

V(O ,  5) , Y(O . l,  de' f MHz) and Y(O , 9, de' fMHz) for each of the climatic regiona dillcuued in 

section 10, Volume 1, and &ection Ill. 7 of this annex, 

\ 
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Time 

Block 

4 

5 

6 

7 

S* 

1 

3 

8 

W *  

A* 

TABLE m. z 
C onstant!!! for Calculating V{O . 5, d ) e 

d in km. 
e 

c l c� 

L 35 -6 5 . oz = u 

l. 0 5 .. 6 5 .  oz. - u 

2. 04 -4 6 . 6 1 - 1 8 

8. 0 0 -4 3 . 9 1 - u 

1 .  1 8  -s 6. 7 2 - }'7 

z. . 1 1 -4 3 . 44 -17 

3. 47 -4 3 .  7 6  - u 

3. 6 3  --� 1 .  8 0 -z. 3 

1 .  40 - 3 1 .  7 9 - 3 4  

1 .  6 3 -4 l .  8 1 -z.s 

c, 

l . 32 .. , 

4. 14 .. 9 

z..  82. -9 

L z.o -s 

1 .  65 -6 

l . 7 3 - 4  

5 .  4 2 -4 

-s 1. 5 5  • 

1 .  OS -s 

8 .  1 2 -6 

nl 

2. . 80 

2 . 7 0  

1 .  87 

1 .· 6 8 

2 . 4 0 

1 .  67 

1 .  6 0 

1. 6 5  

1 .  2 7 

l .  80 

nz n3 f f :rn co 

6. 7 4  3 . 0 8  5 .  2: 4 . 0 

6 . 74 3 .  7 0  z .  �� ls  8 

6. 67 3. 76 5 . ;� 4. 2. 

5 . 9 4 2. 2 5 7. l 5 .  6 

6. 3 2  2 .  6 1  5 .  l 4. 0 

6 . 5 2  1 .  82. 1 . 2. o. 5 

5 . 3 0 1 .  5 8  1 .  3 o. 6 

8. 9 1  2. 3 6  1 .  9 5  0 .  8 

13. 2 3  2 .  s 1 1 .  OS o. s 

9 . 5 9  2 .  32 3 . 0 l .  9 

Time Block111 1 1S• ', 1 1W•'., anti "A" are all hour 11 summe r, all houriS winte r �  and all hour • all year 
r je ��Jpective ly . See Table ill. 1 for definitions of the othe r time blocks . 
Small digit�B reor e s ent the exponent of the number. for example z. .  3 r z. 

= z .  3 3  x 1o -z. . 
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* 

TABLE m. 3 

C ons� for Calculating Y(O • .L d $ 100 MHz) 
e 

Time d in km. 
e 

Block c l Cz c s na nz n3 f f 
m cO .  

4 1 .  2 2  -z 9 .  8 1 -6 l .  09 -e l .  3 6  2 . 0 0  3 .  5 8  1 0 .  8 5 . 5 

5 2 .  5 8-4 3 .  4 1 -6 2 .  0 1 - u .  2 . 0 5  2 . 2 5  4. 7 8  8. 0 4. 0 

6 3 . 84-3 4 .  2 2  -s 1. 7 6 -, 1. 5 7  l .  7 6  3. 6 6  9 . 6 5 .  2 

7 7 .  9 5- , 3 .  7 6  -s 3 .  1 9  - a 1 .  47 l. 7 6  3. 40 1 1. 2  5. 5 

s •  4. 47 -s l. 6 6  -s 2 .  06 -s 1 .  5 5  l .  9 0  3. 4 8  9 . 9 8  5 .  1 

1 1 .  09 -4 l .  2 1 -6 8. 2 9  -s 2 . 2 8  2 . 2 9  3 . 26 9 . 6 2 . 8 

2 1 .  04 -s · 4 . 2 8 -8 3 .  5 1 -8 2 .  7 1  2. 9 1  3 .  4 1  9 .  1 5  2 .  8 

3 2 .  oz -4 l .  45 -6 4. 2 7 -8 2 .  1 5  2 . 2 8  3 . 37 9. 4 2 .  8 

8 1 . 7 0-4 7 . 9 3 - 7 1 . 29 -7 2 .  1 9  2 . 3 7 3 .  1 8  9. 5 3. 0 

W *  2 .  46 -... 1 .  74 _., 1 .  27 -8 2 .  l 1  2 . 64 3 . 6 2  9. 3 7 2 . 8 

A *  5 .  2 5 -4 1 .  5 7 -6 4. 1 0 -1 l .  9 7  2 . 3 1 2 . 9 0  l 0 .  0 5 . 4 

Time Blocks 1 15 1 1 3  1 1 W 1 1 ,  and 1 1A 1 1  are all hour s s umme r$ all hour s winte r .  and all hour s all year, 
re spectively. See Table Ill. l for definitions of the othe r time blocks . 
Small digits repre s ent the exponent of the number, for example -z -z 2 . 33 = l. 33 X l 0 • 
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TAB LE ill. 4 
C ons tants for Calculating - Y( O .  9 ,  de , 100 MHz) 

Time d in km. 
e 

Block CJ. c, c3 nl n� n� £ f 
m co 

4 1 .  84 -4 2 .  2. 2 -6 3 .  6 5 - u 2 .  09 2 . 2 9 6. 8 2  8.  0 4 . 0 

5 3 . 8 0 - 4 4. 7 6 -t, 8. 39 - n 1. 9 2  2 .  1 9  1 .  1 0  6 . 6 3. 3 

6 1 . 8 1 - 3 5 .  8 2 - 6 6 .  3 7 -: u l .  67 2 .  1 5  5 . 38 8. 4 4. 1 

1 3 . 1 9 - 3 2 .  5 1 _, 5 .  0 3 -, 1 .  6 0  2 . 2 7 3 . 6 9  1 0 .  0 4. 4 

s * 7 .  4 2 -4 5 .  5 5  -s 4. 37 -8 1 .  84 l .  69 3. 2 8 8. 2 S  4. 0 

- 10 
1 1 .  7 2 -4 6. 3 9 - s 2 . 9 3  2 .  1 0  2 . 7 9  4 . 2 4  8.  2 2 .  4 

2 1 .  05 -s 7 . 0 0 - 1 3 7 .  64 -9 2 . 59 4. 8 0 3. 6 8  10 0!) 2. 8 

3 .  64 -s 3 .  7 4 -, -7 
2 . 4 0  3 . 2 8 2 . 94 7. 8 2 . 2 3 3. 5 3  

8 1. 64-6 1 .  43 
-7 

3. 14 
- 1 

3 . 0 8  2 . 6 6  3 .  0 3  8 .  6 2 . 6 

3 .  45 -6 1 .  2 5 -s - 7 
2 .  87 3. 0 7  2 . 82 7 . 9 2  2 . 4 5  W *  7 . 50 

A *  2 . 9 3 -4 3 . 7 8 -:8 1 .  02 -7 2 . 0 0  2 . 8 8  3 .  1 5  8.  2 3 . 2 

Tilne Blocks 1 1S1 1 ,  1 1W 1 1, and 1 1A1 1  are all hour s s umme r ,  all hour s winter ,  and all hour s all yea r ,  
re spectively. See Table III. l for definitions of ether time blocks . 

Small digits repre s ent the exponent of the numb e r ,  for example ,  4 .  9 7 -4 -4 = 4. 9 7  X 1 0  • 
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TAB LE Ill . 5 

C onstants for C alculating V(O . 5, d ) 
e 

for Seve ral Climatic R e gions 

d in km 
e 

Climate c
l 

c 2 c 3 
n

l 
n2 

1 .  C ontinental Tempe rate l . 59 - 5 1 . 56- l l 2 .  7 7 -8 2 . 3 2  4 . 0 8 

2 .  Maritime Temperate Overland 1 .  1 2 -4 
1 . 2 6-20 

1 . 1 7 - l l  1 .  68 7. 30 

3 .  Maritime Tempe rate Over sea 1 .  18 - 4 3 . 3 3  - 13 3 . 8 2 -9 
2 . 0 6  4 . 60 

4 .  Maritime Subtr opical Overland l . 0 9 -4 
5 . 8 9 - 1 8  2 . 2 1 -

7 
2 . 0 6  6 . 8 1  

5. Maritime Subtr opical Oversea ( delete d) 

6 .  D e s e rt ( Sahara) 8 .  8 5- 7 
( C ompute s - V(O .  5) ) 2 . 7 6- 1 4  2 . 2 5- 1 2  2 . 80 4 . 8 2  

7 . Equatorial 3 . 4 5- 7 3 . 7 4- 1 2  6 . 9 7- 8 2 . 9 7  4 . 4 3  

8 .  C ontinental Subtropic al 1 . 59 - 5 
1 .  56 - l l  2 .  7 7 - 8 2 . 32 4 . 0 8  

Note - C orres ponding c urves o f  V(O . 5 ,  d ) are drawn o n  figur e 1 0 . 1 3, s e c tion 1 0 ,  Volume 1 .  
e 

n3 f f 
m co 

3 . 2 5  3 . 9 0 

4 . 4 1  1 . 7 0 

3 . 7 5 7 . 0  3 . 2. 

2 . 9 7  5 . 8 2. . 2 

4. 78 8 . 4  8 . 2 

'3. 1 4  1 . 2  -8 . 4  

3 . 2 5 3 . 9 0 
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TABLE lli. 6 

C onstants for Calc ulating Y(O . l , de , fMHz) 

C limate Figure c
l 

c
2 

1 .  C ontinental Temperate 10 . 1 4  
3 . 56-2. 

9 . 3 5-8 All hou:r i!J and Summ.er 
Winter 3 . 56- 2 3 . 76- 8 

2 .  Mariti:me Temperate Overland 

6. 96 - 3 1 . 57- 7 Bands I & ll (40 - 100 MHz) 1 0 . 2 3 
Band ill ( 1 50 - 2. 50 MHz} 1 0 . 2 5 3. 60-2. 

3 . 19-S 

Bands J':V & V (4 50 - 1000 MHz) 10 . 27 6. zs -4 3 . 19 -8 

3 .  Maritirne Temperate. Oversea 
- 2 - 1 1  Ba'nds I & ll {40 - 100 MHz) 1 0 . 24 l .  37 3 

1 . 0 4
- 1 Band lli ( 1 50 - 2 50 MHz) 1 0 . 2.6 2 . 67- 5. 88 

Bands IV & V { 4 50 - 1000 MHz) 10 . 28 1 .  s 2 - 2 2 . 40 

4. Maritime Subtropical Over land - 2 1 . 1 3- l l Ill. 2 5 4 . 33 

5. Maritime Subtropical Ovi:!rsea {deleted) 

6 .  Desert. {Sahara) lli. 2 7  6 . 09 
-2. l .  36- 5  

7 .  Equatorial lli. 28 5. zz- 3 l . 57-4 

8 .  Contin•ental Subtrqpical lli. 29 l. 0 1 - 2. 
2 . 2 6- 7 

for Several Climatic Re gions 

c
3 

n
l 

n 
2 

l . 50 - l l  l .  1 3  2 . 80 
z . o s- 1 1  1 . 1 3  2 . 92 

1 . 1 5- l l L 52 2 . 8 3  
6 . 9 C 18 1 . 1 1  2 . 96 
6 . o 6- 1 2  l .  9 2  2 . 96 

- 5 
1 . 42

-8 1 .  38 4. 42 
8 . 2 5_ 1 5  1 .  79 0 
6. 9 2  l .  2 9  0 

1 . 19- 1 2  
1 . 0 9 3 . 89 

3.  18 - l l 
l .  0 8  1 . 84 

5. zz- 1 7  1 .  39 1 . 46 

3. 90-9 
1 .  46 2 . 67 

Note - Cc•rresponding curves of Y{O . l, d
e

) are drawn on the figures listed above. 

n
3 

f f 
m "" 

4 . 8 5  1 0 . 5  5 . 4 
4 . 78 1 0 .  5 2 . 9  

5. 0 4  1 3 . 5 u . o 

7 . 14 1 2 . 5 1 1 . 0  
5. 0 5  1 3 . 0 1 2 .  5 

2 . 2 7 1 6 . 0 1 3 . 0  
3 . 27 1 8 .  5 1 6 . 5 
5. 78 1 9 . 0 14 . 0  

4 . 9 3  1 7 . 5 1 3 . 6 

4. 60 1 5. 1 6. 0 

6. 78 8 .  5 3. 2 

3. 78 1 6 . 0 9 . 1 
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TABLE Ill. 7  

C onstants for Calculating -Y(0 . 9, d
e' f

MHz
) 

Climate Figure c c2 1 

1 .  C ontinental Temperate 1 0 .  14 
-3  - 1 1  All Hours 9 . 48_3 5. 70 - l l Sununer 9 . 48 1 , 8 1

_ 1 1  Winter 9 . 48-3 1 . 14 

2 .  Maritime Temperate Overland 
-3 - 12  Bands I & II (40 - 100  MHz) 10 . 23 1 . 45-4 1 . 68

_ 14 Band Ill ( 1 50-250 MHz) 10 . 2 5 9 .  32_4 2 .  68 - 1 5  Bands IV & V (4 50 - 1000 MHz) 10 . 27 1 . 29 l .  9 3  

3 .  Maritime Temperate Ove r s ea 
-2 - 1 6  Bands I & II {40 - 100 MHz) 10 . 24 4 . 52
_3 8 . 69_9 Band Ill { 1 50-250 MHz) 10 . 26 1 . 14_ 3 

5. 72
- 1 6  Bands I V  & V (450 - 1000 MHz) 10 . 28 1 .  25  6 .  57 

4 .  Maritime Subtr opical Overland m . 2 s  7 . 24- 3  4 . 26- 1 5  

5. Maritime Subtropical Oversea ( deleted) 

6 .  Des ert {Sahara) m. n 3 . 19 
-2  5 . 66 -8 

7 .  Equatorial m. 28 6. 51 
-3 

2 .  53 
-4 

8 .  C ontinental Subtropical III. 29 3. 49
- 3  1 .  08-9 

for Several C limatic Regions 

c
3 

n n2 n
3 

f f 1 m "" 

-6 5 . 56_6 1 . 33 3 . 96 2 . 44 8 . 2 3. 0 
7 . 00_6 1 . 33 4 . 23 2 . 40 8 . 2 4 . 3 
7. 36 1. 33 4 . 22 2 . 39 8 . 2  2 . 1 

- 6 8 . 0 7_ 1 6  l .  7 0  4 . 61  2 . 36 9 . 0  3 . 5 
1 . 0 2

_4 l .  74 5. 29 6 . 82 10 .  5 3 . 5 
2. 8 1  2 . 14 5. 80 1. 65 10 . 0  4 . 5 

- 3  . 1 .  28 -8 1 . 1 3 5. 95  1 .  14  13 . 5 3. 5 
l .  29-9  1 . 90 3 . 27 3. 67  14. 5 4 . 0  
1 . 49 1 . 72 5. 96 3. 84 12 . 0 4 . 0  

1 . 12 -6  1. 35  5 .41  2 . 56 12 . 7  8 . 4  

7 .  39- l l  
l .  14 2. 76 4 . 40 1 1 . 4  3 . 3 

2 . 6 1- 1 6  
l .  36 1 .  36 6. 55 8 . 4 2 . 7 

9 . 1 5
- l l 1 .  55 3, 49 4 , 48 1 0 . 1 3 . 5 

Note - The s e  c onstants will yield positive values, i . e . ,  - Y(O . 9, d ) . C orresponding curves of Y(O . 9, d ) are drawn on the figur e s  
listed above. 

e e 



m. 7 • 2. To Mix Distributions 

When a prediction is required for a pe rind of time not shown on the fip;ures or listed 

in the table s ,  it may s ometimes be obtained by mixing the known distributions. For example , 

the distributions for time blocks 5 and 6 would be mixed if one wished to predict a cumulative 

distribution of transmission loss for summer afternoon and evening hour s .  In mixing dis ­

tributions, it is impor tant to average fractions of time rather than levels of transmission los s .  

Distributions oi data for time blocks may als o  be mixed to pr ovide distributions for othe r 
periods c£ time . For example, data dis tributions for time blocks 1, . /., 3, and 8 wer e  

mixed t o  provide dis tr ibutions o f  data for "winte r " ,  When averages a r e  pr ope r ly weighted, 

such mixed dis tributions are prac tically identical to direct cumulative dis tributions of the 
total amount of data available for the longer period, 

The cumulative distribution of N observed hourly median value s is obtained as 

follows ;  ( l ) the values are arranged in order from smallest to large s t, L 1 , L2, ·L3, - - - ,  

( 2. )  the fraction q o f  hourly median values le s s  than L is c omputed: n 

( 3 ) a plot of Ln ve r s us q( n) for value s of q fr om 1 / ( ZN) to 1 - 1 / ( ZN) is the 

ob se rved c umulative distribution. 

To mix two distributions , the following procedure is used: ( 1 )  choose ten to fifteen 

levels of transmission loss L 1 ,  � � - ,  Ln' cove ring the entire range of L(q ) for both dis ­

tributions , { Z) at each o£ the se levels, read the value q for e ach distribution and average 

these  value s ,  ( 3 ) plot each selected level of transmission loss at the c orre sponding average 

fraction of time to obtain the " mixed" dis tribution . In this way, any number of distributions 

may be combined ,  if e ach of them represents the same number of hour s ,  If the number of 

hours is not the same , a weighted average value q s hould be computed, using as weights the 

number of hour s repre s ented by each dis tribution . 
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The c ur v e s  for c limate 5, Maritime Subtr opic al Over lllea, have been deleted. These 

w e r e  baa e d  on a v e r y  amall amount o f  data , Data obtained lllinc e the preparation of these  

cur v e s  indicate that the following give g ood e s timate s :  

C limate 4 ,  Maritime Subtr opical Overland, for hot moi111t tropical areas or c limate 

3, Maritime Temper ate Ove r rn ea, for c oa l!l tal areas wher e  the prevailing winds are from 

the oc ean, 
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III . 8 List of Special Symbol& U sed in Annex lli 
Attenuation relative to fre e  apac e for each of s eve ral rays as a function of the 
parameter vj , whe r e  j = 1 ,  2, 3, 4, ( III . 34) . 

The paramete r  b ,  a function of ground cons tants, carrier frequency, and polari� 
zation, expreued in degrees,  figure 8 .  2, al').d equations ( III. 40) and (lli. 4 1) . 
The parameter b for horizontal polarization defined by (III. 40) . 
The paramete1· b for vertical polarization, (lli. 4 1) .  
A parameter showing the phase change associated with the complex plane wave 
refle c tion c oefficient R exp [ -i('IT - c) ] c orresponding to r eflection from an in­
finite smooth plane s urface, ( 5, 4) figures  lli. 1 thr ough Ill . 8 .  

Values of c for horizontal and vertical polarization, r espectively, (Ill. 1 3) and 
(Ill. 1 4) figures  lli. 1 through Ill . 8 .  

Cj Fresnel  integral, (lli. 33) ,  where  j = 1, 2, 3, 4 .  
Ci(r ) ,  Ci( r 1 ) ,  Ci( r 2) Cosine integral as a function of r ,  (Ill. 51) , r 1 and r 2 ( III. 50) . 
dr Distance used in calculating ground r eflec tions in knife edge diffraction; dr is 

f l , f2, f3, f4 
f( r 1 ) .  f( r z> 
f( v j) 
f( 9h) 

g ( f)  

G b, Gbt 
G r i, Gti 

h e 

h • h rm tm 

defined by ( lli .  29) . 
Dis tanc es used in computing diffraction attenuation with ground r eflec -

tiona, ( lli .  3 1) figure Ill. 9 .  
Diffraction los s for each of aeveral distinct rays ove r  an isolated obstacle, 
where j = 1,  2, 3, 4, (Ill . 3 2-ill. 3 5) .  
Diffrac tion los s for each of four distinct raya over an isolated obstacle, ( III . 32.) . 
Functions o! the normalized antenna heights r 1 and r 2, (III . 50) . 
A function identically equal to fj for v = v j ,  (ill . 33) figure III. 10 . 
A factor used to reduce e s timates of variability for antenna beams elevated 
above the horizon plane, (ill. 6 5) figur e ill. 2 2 .  See eh and eb . 

th Scattering efficienc y c orr ection te rm for the 1 lobe of an antenna patte rn, 
(III . 63) . 
This function !.111 the same as F( 9d) with the effective angular dis tance e sub-ei 
s tituted for the angular dilltance, e ,  annex Ill, (Ill. 57) . 
A high gain antenna radiates gb watts per unit area in every direction not ac ­
counted for by the main beam or by one of the s ide lobes of an antenna. The 
gain gb for a transmitting antenna is gbt , sec tion Ill. 6 .  

A frequenc y correction fac tor shown i n  figure Ill . 30, (ill. 66) , 

Decibel equiva�nt of gb , Gb = 10 log gb , and of gbt , annex III section III. 6 .  
Gains o f  the i lobe o f  receiving and transmitting antennas, r e111 pectively, 
(III . 57) . 
A height, using elevated beams, that is equivalent" to h for horizon rays, 

0 
(III . 63) . 
I-Idght of a knife edge above a reflecting plane on the rec eiver or transmitter 
side of the knife edge, (III·. 37) . 
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1',( r) A func tion of r shown in figur es ill. 20 and III. 2 1 .  

h( r 1 ) ,  h( r 
2

) A function of r 
1 

or r 
2 

defined by (ill. 50) and s hown on figur e s  ill. 20 and 

II1. 2 1 .  

I I  
oi 

L(q) 

•nho.  

p 

q 

th 
The fr equency gain function !or the 1 beam l.nteroection in a ocattering plane 

(Ill . 57) . 

Repr e s ents a series  of s ubscripts 1, 2, 3, 4, as used in equations (Ill. 27) to 

(Ill. 3 5) . 

The diffraction parameter K for horizontal polarization, s e c tion Ill. 4 .  

The diffraction parameter K for vertical polarization, section ill. 4 .  
th 

Loss in antenna gain for the ! s cattering s ubvolume, (ill . 57) . 
th 

Trans mis sion loas a s s oc iated with the I. power contribution, (ill. 55) and 

( III . 51) . 
A series  of hourly median value s of transmis sion los s  arranged in 

order from the s malle s t  to the lar gest  value, s e c tion III. 7 .  

Transmis s ion los s exceeded a fraction q o f  the time, (ill. 68) . 

Parameters  used in c omputing the magnitudes R
h 

and R
v 

of the smooth 

plane earth reflection c oefficient R ,  (III. 10) . 

A unit of c onductance, the r eciproc al of r e sistance which I.e measured in ohms, 

fi gur <' s III . l to  Ill . 8 • 

A function of the diele c tric c onstant and gr�zing angle used in computing the 

plane wave r e fle ction c oe:ffl.cl.ent, · ( III. 8) . 

A parameter us ed in calc ulating a plane wave reflection coefficient, (III. 7) to 

( III . 1 4) . 

r 1 1 • r 1 2
, r 

2 1 ,  
r 

22 
Di!l tanc e s  to and from the bounce point of reflected rays, (ill . 28) fig-

R
h 

R 
v 

8 
e 

Si( r ) 
s .  

J 
v .  J 
w 

ai 

X ' x
b a 

Q ' p
e e 

ure III . 9 .  
Plane earth r eflec tion c oeffic ient R for horizontal polarization, (ill . 1 2) and 

figures  Ill . l to III . 8 .  

Plane earth reflection coeffic ient R for vertical polarization, (ill . 1 2) figur es  

III. 1 t o  III . 8 .  

Path as ymmetr y factor for beams elevated above the horizon, s = a / 13  , 
e e e 

(III . 64) . 
Sine inte gral as a func tion of r ,  (III . 51 ) . 

Fr esnel integr al, (III. 3 3) , 

The parameter v for each of j paths ove r  an isolated obs tacle, (ill. Z7) . 
th 

C ontribution to the total available power from the i scattering subvolume, 

( III .  55) and (IV. 1 1) .  

Points at which a fir s t  Fresnel ellips e cutl!l the great circ le plane, ill. 18 to 

III. 2 3 .  

The angles between the "bottom s "  o f  transmitting or  receiving antenna beams 

or aide lobe a and a line j oining the antennae, (Ill . 61 ) . 
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th Angle s a e and 13 e for the i lobt� of an antenna patte rn. 

When beams are elevated s ufficiently that the r e  is no bending of the ray due to 

atmospheric r efra c tion a e = a e o , 13 e = 13 e o , (III. 60) ; when ray bending must be 

c onsider ed ae and l3e are c omputed using (III . 6 1) .  

a0j, l3oj The angles a0 , 130 made by each of j r ays, over an isolated obstacle, (III. 3 6) .  

a 0 1, 
a oz , 13 0 1, 13 01 The angle s a 0 and 13 0 for each of four rays over an isolated obs tacle,  

6 
e 

( III. 36) . 

A parameter used in c omputing the fir st F r e snel z one in a refle c ting plane, 

( III. 1 8) .  

The effective half-power s emi-beamwidth of an antenna, s e c tion III . 6 .  

The effec tive half-power s emi-beamwidth of an antenna that i s  e levated o r  di­

rected out of the great c ircle plane, s e c tion III. 6 .  

6 The s emi-beamwidth of an equivalent beam patte r n  with a square c r os s - s ec tion 
0 

6 = 5�, s e c tion III . 6 .  0 
6 , 6 A zimuthal equivalent s emi-beamwidths with square c r os s - s ection, (III. 58) rwo two 

6 wo 
5 z o  

figure III. Z 3 .  

Ver tical angle equivalent s emi- beamwidths with s q uare c r os s - s e c tion, ( III. 58) 

figure III. Z 3 .  

Azimuthal equivalent s emi-beamwidth with squa r e  c r os s - s e c tion, sec tion III. 6 .  

V e r tical angle equivalent s e f}fi-beamwidth, s e c tion III. 6 .  
th t.

j 
The j value of t. r , whe r e  A.r = r 

1 + r z - r 0, ( III. Z 7) and (III. Z9) . 

t. 1 , A2, A 3, A4 Ray path diffe r e nc e s  between a dir e c t  ray and a r a y  path over a single iso-

( twl' E twZ 

lated obstac le with g r ound r e flections, (III . Z8) figure (III . 9) . 

Ray path differ enc e between s traight and g r ound reflected rays on 

e ither side of an is olated obstacle, (III. 3 1 ) ,  ( III. 3 7) . 

Ratio of the dielectric c onstant of the earth' s surfac e to the dielectric cons tant 

of air, figur e s  8 . 1 and 8 . Z,  annex III . 4 .  

Angle b e tween the axis of the main beam and the axis of the fir s t  side lobe of 

an antenna pattern, figure m .  z z  . 
Azimuth angles of the firs t  and s e c ond lobe s of. a trans mitting antenna r elative 

to the main beam axie, figure III. 2 3 .  

Elevation angles o f  the fir st and s e c ond lobes o f  a transmitting antenna r e lative 

to the main beam axis, figur e III . Z 3 .  

The angle ·that a s c a ttering plane makes with the g r e a t  c ir c le plane, (III. 60) ,  

(ill. 6 1 ) ,  and figure W .  Z Z .  

A func tion o f  he and Ns used i n  c omputing F oi and H01 
for s c attering from 

antenna beams dir e c te d  above the horizon or away from the g r ea t  c ir c le plane, 

(W. 64) . 

Angle of e levation of the lower half power point of an antenna beam above the 

horizontal, (ill . 6 Z) . See eh and f( 6h) .  
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0 br '  8bt 
8bri' ebti 
e 

e 

Value s of e for the r e ceiving and trans mitting antennut,  r e s pe c tively, (ill. 61) . b i:h Values of eb for the 1 beam inte r s e c tion, (ill . 59) . 

The angle b e tween radio rays e levated above !he horizon and/ or away from the 

great cir c le plane, (llL 64) . 
th The angle e at the l. l.nte r m ectl.on of radio rayu e levated above the horizon e 

and/ or away fr om the g reat circle plane, (ill , 57) . 
th 

e , e , . . .  e The angle a
e 

for the fir st, s e c ond, • , • n inte r a ec tion of radio r ays, 
P I  e �  en 

e .  J 

e .  J r  

figur e IIL 2 2 .  

Angle of e levation o f  a knife edge r elative t o  the horizontal at the r e ceiving or 

transmitting ante nna, (ill. 38) , 
Angle between direc t  and/ or r eflected ray over a knife -edge, wher e  j = 1, Z, 3, 4 

as shown l.n figure ill. 9 .  

Angles defined !. n  (ill. 29) ,  where j = 1 ,  2 ,  3 ,  4 ,  which are added to 9 to/determine 

e . == e + e . .  
J F 

e , e , e , e4 Values o£ ej for j = 1, Z, 3, 4 , (III . 29) . l r  Zr 3r r r 
e 1 , e2, e 3, e4 The angle b e tween rayB from the tranarnittlng and r e ceiving antennan over an 

is olated obstacle with gr ound reflectionn, figur e III . 9 .  

o- Surfac e c onduc tivity in mhoa per meter,  figure s  8 .  1 and 8 .  Z, n e c tion III. 4 ,  

T The amount a radio ray bendn in the atmosphe re, (Ill. 6Z) , 

1' ( eb, d, N 6) Bending of a radio ray that takes off at an initial angle eb and travels d 

kilomete r s  through an atmoophere c haracterized by a eurface refrac tivity N 11 ,  

(III. 6 1) . 

q, (v, 0)  

q, (vp) 

<\> (0 ,  p) 

<'l> ,(v, p) J 

<X> . ( v, 0) J 

C omponent of phase lag due to diffraction over an idealized knife edge, ( 7 .  1 3) 

figure 7 .  1, and (ill . 30) , 

C omponent of phase lag due to diffraction over an in olated perfectly-c onducting 

r ounded oba t.:J. c le, ( 7 ,  1 3) figure 7 .  5 and (ill. 30) . 

The c omponent of the phase lag of the diffrac ted field over an inolated perfectly­

c onducting r ounded obstacle for v = 0 , ( 7. 1 3) figure 7. 4 and (III. 30) .  

The pha s e  lag of the diffracted field for the jth ray over an inolated perfectly­

c onduc ting r ounded obatacle (ill. 30a) , whe r e  j = 1,  2, 3, 4 .  

The phase lag of the diffr acted ray over an isolated rounded obstac le for the j th 

ray, iJ.\ 
j

( v, p) = i!) j , (III. 30) . 
The pha ro e  lag over an ideal knife edge for the /h ray, (III. 30) . 

<X> l' <X> 2, <X> 3, 0 4 The pha s e  lag IS) j(v, p) !or values of j ::: 1 , Z., 3, 4, (ill. 3Z) .  

ljir'  ljit The angle between the plane of the lower half-pow e r  point of an antenna beam 

and the r e c e iver or transmitter horizon plane, (III . 60) . 
th The angle ljl r or ljit for the 1 lobe of an antenna pattern, (III. 59) . 

Angle of r efle c tion at the gr ound of a r efle c ted ray that paso e s  over a knife­

edge,  ( III. 36) fl.gure ill . 9.  



The half - pow E- r  beamwidth, U ::  l. b ,  ( 9 . 10)  and figure III . l.l .  

1 : , 0, 12r l, �lt0, Htl Ha lf-pow e r  beamwid ths c o r r e s ponding to 1. 60, l & 1  for the r e c e iving and 

transmitting antenna patterns, respe c tively, figure ill. l l .  
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Annex IV 

FORWA RD SCATTER 

IV . 1 General Discussion 

This annex discusses s ome of the similarities and diffe renc e s  between forward scatter 

from r efrac tive index tur bulence and forwar d scatter or incoherent r eflec tions fr om tropo­

s pheric layer s .  

T o  scatter is to s pread at random over a surface or through a space or subs tance .  

Scatter ing which tends to  be  c oherent is more properly called forward scatter ,  reflec tion, 

r efrac tion, focu-sing, diffraction, or all of these, depending on the c ircurnstanc es . Modes of 

scattering as well as mechanisms of propagation bear the s e  narnes .  For example, we may 

speak of the reflection, r efrac tion, diffrac tion, focusing, scatter ing, and absorption of a radio 

wave by a s ingle s pherical hailstone, and all of thes e  modes can be identified in the formal 

s olutions of Maxwell' s equations for this pr oblem.  

The large volume of beyond-the -horizon radio transmission loss data available in  the 

fr equency range 40 to 4000 MHz and c orresponding to scattering angles between one and thr e e  

d . d' h h . 1 0 -A / lO  d '  h . . l A 1 egrees 1n 1cates t at t e rat1o · c or r e spon 1ng to t e transm1Ss1on oss ,  , re a-

tive to  free  s pace is appr oximately proportional to the waveleng th, >-. ,  or inver sely pr opor ­

tional to the radio frequency, f, [ Norton, 1 9 60 ) , so that the ratio 10 - Lb/ lO 
c or re sponding 

3 - 3  to  the forward scatter basic transmis sion loss  is approximately proportional to  >-. or  to  f . 

This circumstance is more r eadily explained in terms of forward scatter from layer s [ Fr iis ,  

C r awford, and Hogg, 1 9 57] or in terms of glancing or glinting from brilliant points on ran­

domly disposed " feuillets", [ du Castel, Misme, Spizzichino, and Voge, 1 962] , than in terms 

of forward s catter from the type of  tur bulence c haracterized by the modern Obukhov­

Kolrnogorov theory [ Obukhov, 194 1 ,  1 9 53 ;  Batchelor, 1947,  1 9 53 ] . The r e  is recent evidence 

[ Norton and Barr ows, 1 9 64) that the wavenumber spectrum of refractivity turbulence in a 

vertical c;Iir ection has the same form a s  the mor e adequately studied s pec trum of variations 

in s pace in a horizontal direc tion. Some mechanism other than scatter from r efrac tivity 

tur bulenc e must be dominant most of the time to explain the observed transmis sion los s  

values over  a maj ority of the transhorizo.n tropospheric paths for whic h data are available . 

Scattering fr om r efractivity tur bulenc e  and scattering from sharp gradients are mechanisms 

which c oexist  at all times' in any lar ge scattering volume . Sharp gradients always exist some­

where ,  and the atmosphere between them is always somewhat turbulent. Power scattered 

by thes e  mechanisms is occasionally supplemented by diffrac tion, s pecular reflection from 

s tr ong extended layers ,  and/ or ducting . 

A tropospher ic duc t exists,  either ground-based or elevated, if a substantial amount 

of energy is focused toward or defoc used away from a rec eiver as super - refractive gradients 

of N exceed a c r itical value c alled a " due ting gradient. " This gradient is about - 1 57 N -units 

per kilometer at sea level for horizontally launched radio wave s .  The duct thic kne s s  must 



l 
exceed a b,mt 50 6l  f - 3  meters with f in MHz ( K e r r ,  1 964] for a duc t to comple tely trap 

s u c h  r a cl i o  w a v t' S .  A few us eful r efer e nc e s  in this c onnec tion a r e  c ited at the e nd o f  st• c lion 

4, Volume l .  

A more or less  hor iz ontally homogene ous " kink'' in a r efrac tive index pr ofile may in­

dic ate the pos sibility of ducting for very shor t wave lengths, the pr e s e nc e  of a r e fr acting 

lay e r  for s ome of the longer waves ,  and merely a slight and random pertur bation of average 

atmosphe ric c onditions for other  frequenc ies,  antenna loc ations , or antenna beam patte r ns 

and elevation a ngle s .  The layer that pres ents a s har p dis c ontinuity for radio fr equencies 

from 30 to 1 00 MI-I z ( }.. := 10  to 3 me ter s) may repres ent a r e latively g radual change of r e ­

frac tive index a t  3 0 0  MHz ( A. = 1 meter) and higher fr equencie s .  A tr oposphe ric layer or 

" feuillet" r equir e s  a sufficiently abrupt c hange in r efrac tive index, usually as s ociated with 

fine weather conditions, to r eflect a substantial amount of radio e nergy at the g r azing angles 

and frequencies of inte r e s t .  The se may be horiz ontal changes,  in the rmals, for instanc e ,  

as well as  c hanges  o f  r e frac tivity, N , with height. 

Almost specular r eflection from tropospheric laye r s  is often observed betwee n  30 

MHz and 200 MHz .  At highe :�: frequenc ie s ,  whe r e  focusing, defocusing, and ducting are 

c ommon, and whe r e  extensive laye r s  are not sufficiently abrupt or suffic iently num e r ous to 

pr ovide s tr ong r eflec tions, a number of s mall and r andomly oriented surfaces  c ome into 

play . A r e c ent summar y of the r ole of the layer s truc ture of the troposphere in explaining 

tr oposphe ric pr opagation [ Saxton, Lane, Meadow s,  and Matthews, 1 9 64] inc ludes an exten ­

sive lis t o f  refe r e nc e s . A l s o  useful are gener a l  discus sions of tropospheric pr opagation by 

Bullington [ 1 9 5 5] . du Caatel [ 1 960 ] ,  C rawford, Hogg, and Kummer [ 1 959) , F engler [ 1 9 64] . 
Fengle r ,  J e s ke, and Stilke [ 1 9 64] , Kirby, Rice,  and Maloney ( 1 96 1 ] , J ohns on [ 1 9 58 ] , Ric e 

and Herbstr eit [ 1 9 64) , Shkarofsky [ 1 9 58) , and Vvedens kii and Ar enper g  ( 1 9 5.7] . 
The r e  are at le ast  thr ee distinguishing features in most the orie s of forward s c atter 

fr om c louds,  prec ipitation, r efrac tive index tur bulenc e, layer s,  or feuille ts . A c alc ulation 

is  fir s t  made of the expe c ted or average forward scattering pattern, r eradiation patter n, or 

diffrac tion pattern of a sc atterer  or a group of sc atte r e r s ,  usually located in fr e e  s pac e, and 

usually as suming an incident plane wave and a distant rec eive r .  Sec ond, a dec is ion is made 

that the r e lative phas e s  of waves sc atter e d  from individual raindrops or subvolumes of r e ­

frac tivity tur bulenc e  o r  feuillets a r e  r andom, s o  that w e  may simply add tht: power co ntri­

butions from the s e  e le ments and ign or e the phas e s .  This is an e s s e ntial feature  of  a r andom 

sc atter theor y .  And third, some way is found to r e late the ac tual terrain, atmosphe re,  and 

ante nna parame ter s  to the theor etical model so that a c ompari s on may be made between data 

and theor y .  

IV . 2 Modele for Forward Scattering 

The mechaniom !l  of scattering from r efrac tivity turbulence, r eflec tion fr om elevated 

laye rs ,  and duc tl.ng are muc h mor e l!l enmitive to vertical r efrac tivity gradients than to the 
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hor izontal gr adients c ommonly observed, The forward scatter theory used to develop the 

predic tion methods of section 9 as sumes that only vertical scales of tur bulenc e or layer 

thi,· kne s s c s  are important. The r adio wave scattered forward by all the scattering sub­

volume s visible to both antennas or by all the layers  of feuillets visible to both antennas is 

most affected by a particular range of "eddy sizes",  1 , or by layer s  of an average  thic k­

ne s s  £ I  2 .  A stac k of eddies of size J. must satisfy the Bragg c ondition that reradiation by 

adjacent eddies shall add in phase .  Reflections from the exter ior and interior boundaries 

of a laye r  will add in phase  if the r ay traver sing the interior of the layer is  an odd number 

of wave lengths longer than the ray reflec ted from the exterior boundary . Either the mech­

anism of forward scatter from r efractivity tur bulence or the mec hanism of r eflec tion from 

lay e r s  or feuillets se lec ts a wavenumber direction ;, that s atisfies the s pecular r eflection 

c ondition cor r e sponding to Snell' s law that angles of incidence and r eflection, ljJ ,  are equal. 

Mathematically, thes e  c onditions are represented by the following r e lations : 

1 = >.. >.. 
z sin( e/2 ) � a 

R. + {t 
0 (IV. 1 )  

whe r e  R and R a r e  unit vec tor s from the c enters  of radiation o f  the transmitting and re­
o 

c eiving antenna, r e s pectively, towards an elementary scattering volume, or towards the 

point of geometrical reflection from a lay e r .  The angle between R and R is the scat­
o 

te r ing angle e illustrated in figur e IV - 1 and is thus twice the grazing angle ljJ for r eflec -

tion fr on1 a layer :  

- 1  � A 
e = 2 lj.l =  c os ( -R • R

0
) r adians , (IV .  2) 

The plane wave Fresnel  reflec tion c oefficient q
0 

for an infinitely extended plane 

boundary between homogeneous media with refractive indice s  n
1 

and n
2 

and for horizon­

tal polar ization [ Wait, 1 962)  is 

(IV. 3) 

The following appr oximation, valid for ( n
1 

- n
2

) z < sin 2lJ.I< < 1 is also g ood for vertical 

polarization: 

( IV .  4) 
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A diffe r e n tial amplitude r � flection c o e ffic ient dq for a tropospheric layer is m· xt  

defined as p r oportional to the diffe r enc e be tw e e n  two gr adients of r e frac tive index,  m and 

m , whe re m is the a\' eragc r e fractive index g r adient dn/ dz ac r os s  the lay e r ,  and m 
0 0 

i s  the ave r ag e  r efrac tive index gradient for the r egion in which the layer is em bt·dde d .  Let 

the lay e r  extend in depth f r om z = 0 to z = z 0 in th� wavenumber dir ection (,:. de fined by 

( IV . 1 ) ,  and wr ite the diffe r ential :r e flection c oeffic ient as 

dq = dz {m (IV,  .5) 

A pha s o:r exp [ - i z ( 4rrl)J /A.) ] 
l 

i s  a s s ociated with dq , and the power r eflec tion c oefficient 

q for a tropospheric layer of thic kne s s  z 
0 

is appr oximated as  

2 q 

z= z 

t=o 0 dq exp (-i z( 4nl)J / :\) ] 

2 

4 
[ 1  - cos ( 4 n l)J z / :\)) / ( 4rr) • 

0 

{ IV.  6a)  

(IV .  6b) 

If M is a s s umed c ontinuous at z = 0 and z = z , s omewhat s maller values  of q
2 

and m 0 
will r e sult [ W ait, 1 9 6 2 ] . 

F r ii s ,  C r awford, and H ogg [ 1 9 57) point out that the pow e r  r.ec eive d  by r efle c ti on 

fr om a finite lay e r  c an be appr oximated as the �iffr acted power through an absor bing s c r ee n  

with the dimensions of the laye r  pr ojection nor mal to the dir ec tion of pr opagation. They 

then c onsider layer s  of lar ge, small, and medium size c om par ed to 

Zx 2( }.. R R/d)  Yz, d � R + R · 
0 0 ( IV .  7) 

w h ic h  is the width of a fir s t  F r e s ne l  zone . Le t b r e p r t· s ent the dimen sions ot a lay< · r or  
ft· u i l ld in any direction perpendicular to ;;, Sinc e ;;, is usually nearly v • · r tical ,  b i s  

u s ually a horiz ontal dimension.  Adopting a notation which c onform s  t o  that u s e d  e ls ewhe r e  

in this r eport,  the available p ower w a at a r ec e iver at a distanc e d fr om a trans mitting 

antenna r adiating w t watts i s  

2 2 2 . 2 [ C (u) + S {u) ] [ C {v)  + S (v ) ] 

in terms of F r e snel inte grals given by ( III . 3 3) ,  whe r e  

u =: b ,.,[T"  I X 
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and g
t 

and g
r 

are antenna. directive gains . For large u and v, 

2. 2. 2. 2. 
C (u) = S (u) = C (v) = S (v )  = � , 

and for small u and v, 2. 2. 
C ( u) = u , 

2. 2 
C (v) = v , 

For large layer s ,  where b > > 2. x : 

For inte rmediate laye r s ,  wher e  b � 2. x :  

For small layer s ,  where b < < Z. x  : 

2. 2 and S (u) = S (v)  = 0 .  

( IV . lOa) 

( IV .  lO b) 

(IV. 10.:) 

F orward s catter from layers  depends on the s tatistic s of sharp refrac tive index 

gradients in the dir ections :Z defined by (IV . 1) . The determination of thes e  statistic s from 

radio and meteorological measurements is only gradually bec oming prac tical ,  A study of 

likely s tatistical averages of the meteor ological parameter s  M, b2M, and b 
4 

M indicates 

that these expec ted values should depend only s lightly on the wavelength A and the grazing 

angle ljJ ,  as was as sumed by Friis, et al.[ 19 57] , The expected value of 

[ 1 - cos  ( 4w ljJ z I >..) J 0 

can vary only between 0 and 2 and is not like ly to be either 0 or · 2 for any reasonable 

assumptions about the s tatistic s of z0 • 

Available long -term median radio transmis sion loss data usually show the fr equenc y 

law given by ( IV ,  l O b) for medhJm- size laye r s .  Long -term cumulative distributions of short­

term available pc.wer ratios on spac ed frequenc ies rar ely show a wavelength law outside the 
2 4 

range from >.. to A [ C rawford, Hogg, and Kummer, 1 9 59 ;  Norton 1 9 60 ] . An un-

reported analysis of 897 8 hour s of matched simultaneous rec ording s at 1 59 .  5, 599, and 

2 1 2.0 MHz over a 3 1 0 - km  path in Japan shows that this wavelength exponent for transmission 

los s wa/ wt is within the range from 2 to 4. ninety- eight perc ent of the time . This c or ­

responds to a wavelength exponent range from 0 to 2 or a frequency exponent range from 
2 4 

0 to -2 for attenuation relative to free s pac e values ,  and to corres ponding ranges A to A 
or f- 2 to f-4 

for values of basic transmis sion los s ,  Lb . 
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Fi�un· s  I\ . . l ( :1 l  a nd IV . l ( b) i llus trah• l or w a r cl s c· a tt c r ing fn,In a s ing It• s n 1:1 l l  l ; , v ,· r  

s p a c e  vis ible t o  tw o ant<.> tma s .  Figu1· e s  IV . l ( d  <� nd IV . l ( d) illus tr a t <' nwdd s  ( ,, .. th<· a ddition 
, , ( p ower ,· ont r ibutions frmn lar g e  parall e l  lay e r s ,  and fr 0111 s c a tte ring o r  n· fh· c tion sub­

volmnes, r e s pec tiv e ly . Contributions from diffrac tion or ducting are i gnor ed, a s  well as  

r etur n s  f r om w e ll- developed lay e r s  for  which a geometr ic al  r e fle c tion point is not  visible to  

both antennas . C ombinations of the s e  mechanis rns, though s ometime s important, are  also 

not  c on side r e d  h e r e .  

F o r  e a c h  o f  the c a s e s  shown i n  figure IV . l ,  cohe rently s c atte r e d  or r eflected power 

w fr om the neighbor hood of a point R . is  c onveniently a s s oc iated with a scatter ing sub-
ai 3 _ 

01 
v olunw d R = dv = v . ( R  . ) . s o  that the total a.v ailable forward sc atte r ed power at a receiver 

0 1 01 
is 

N N 
v v 

w \ w = I a L ai 
i=l i=l  

whc• re 

w 
vi 

v . w -
l vi s d

3
R 

v 
w (lr .  R'> 0 v 0 

= w  . /v .  = w (R , R) 
a1 1 v o . 

watts (IV .  l l) 

( IV .  1 2) 

' 1  bl 
. . 1 f h . th . 

b 1 f . 11  is  the av a1 a e power per un1t s c atter 1ng v o  un1e or t e 1 scatter1ng su vo ume, eu1 · e t, 

. o r lay e r ,  and it is as sumed that only N
v 

such c ontributions to w
a 

are impor tant. 

Each of the power c ontr ibutions w is governe d  by the bistatic r adar equation. Omit­
ai 

ling the subs c r ipt i ,  this equation may be wr itten as 

w = 
a 

( w
t gt ) 

4rr R 
2 
0 

2 ( >..4'TTgr ) watts , 

where a c is the e ffec tive s c atte ring c r o s s - s ec tion of a s ingle scatte rer or g r oup of s p 

(IV . 1 3) 

scatte r e r s ,  inc luding the polarization efficiency c of the pow e r  trans fer from tr ansmitter 
p 

to rec eiver . T he fir st  s e t  of par enthe s e s  in ( IV . l 3) repr e sents the field s tr e ngth in watts 

per square  kilometer at the point R , the s ec ond fac tor e nc losed in par e nth e s e s  shows what 
0 

frac tion of this fie ld strength is available at the r e c e iver ,  and >..
2

g / ( 4'TT ) is the absorbing 
r 

ar"a  of the receiving antenna, 

The key to an under s tanding of s c atte ring from spac e c raft, airc raft, r a in, hail, s now, 

r e f r ac tivity tur bulenc e ,  or inhomoge neitie s such as lay e r s  or feuillets is the sc atte ring c r os s ­

s e c tion a c defined by ( IV .  13)  or the c or r e s ponding sc atte r ing c r os s - section per unit s p 
volume a

v
' defined from ( IV . l 2) and ( IV . l 3) as  
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a = ( 4rr)3 (R R)Z w /(v.t· gt g >.. Z )  
v o v r 

pe r km • (IV. 14 )  

T h i s  <Jilil n tity i s  u u ual l y  t• s timated by i � owla t i t tj.: a s t n all  v ol ll l l ll' . , f  H l 'attt• r • • t' S  in fr• · •· 
s p. � <· •· a t  l .t rgc  v t· c� tor d i s tanc <' s  R a nd R, l "l' II J H' <: tiv c l y ,  frm11  th<• lr <t l Hi n t i l lt• r and n·c · ·iv<'r . 

. 0 
I( both .mtennas a r e  at the s ame plac e ,  (IV ,  1 3 ) bec omes the mono s ta tic t• adar e q uation, c or -

n · s p ondin g to bac ks c a tter instead of t o  forward s c atte r . 

T he s c a tter ing c r os s - s ec tions per unit v o lu1ne for lar ge,  me dium, and small laye r s ,  

a s sum ing a den s ity o f  N lay e r s  per unit v olume, may b e  obtained b y  subs tituting (IV . lO a) to l 
( IV , l O c) in (IV . l 4) : 

For large laye r s ,  whe re b > > 2 x : 

a Vl 

For inte r me diate layer s ,  w he r e  b � 2 x : 

For s mall laye r s ,  where b < < 2 x : 

(IV. l5)  

(IV . 16)  

(IV . l7) 

Th<> mod<' r n  Obukhov - K ol mogor ov the ory of homog e ne ou s  turbul e n c e  in a hor izontal 
dir e c ti on, when extended to apply to the wavenumber s pec trum of instantaneous var iations 

of r efrac tive index in a v e r tic al dir ec tion, p r edicts a ll. -t or ft law for the var iati:on with 

w a v e l ength \ or c a r r i e r  frequency f of e i th e r  a o r  attenuation r e l a tive to free s pa c e ,  or 

a "A 51 3 or f-
513  

law for var iations of the t r a n s m�s s ion l o s s  w / w .  Theor e ti c a l  s tudie s of 
a t 

m u l tiple s c a.ttering by Bec kmann [ 1 96 l a] , Bugnolo ( 1 9 58] . V y s o kovs ki i  ( 1 9 57,  1 9 58 ] . and othe r s  

s ugge s t  that single s c a tter ing adequately explains observed phenomena. D e s c riptions of at­

mos ph e r ic tur bulenc e are given by Batc he lor [ 1 9 4 7, 1 9 53 ] . de Jager [ 1 9 52 ] . H e i s enbe r g  

[ 1 9 4 8 ]. K ol m o g or off [ 1 9 4 1 ] . Mer kulov [ 1 9 57 ] . Nor ton [ 1 9 60 ] ,  Obukhov ( 1 9 4 1 ,  1 9 53 ] .  R ic e  

and H e r b s tr e i t  [ 1 9 64) , Sutton [ 1 9 55] . Taylor [ 1 92 2 ] . and W h e e l an ( 1 9 57, 1 9 59 ] . 

The obs e r v e d  wavelength exponent for the J a pane s e  trans miss ion l o s s  data previously 

noted was b e low 5/ 3 le s s  than tw o t e nths of one perc e nt of the time, and an examination of 

oth e r  data also lead s to the c onc lusion that forward s c atter from Obukhov - K olmog o r ov tur bu ­

l e nc e c an r a r ely explain what i s  o b s e r v e d  with fr equenc i e s  from 40 t o  4000 M H z  a n d  s c a t ­

tering angles fr om o n e  to th r e e  d e gr e e s .  
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J•: . t  l' ly  �- e , ·og nitivH uf this f. 1 c t  by N < > rton, Rice,  and V og l e r  [ 1 9 5 5 J l ed  to the pr oposal 

v i" a 1n" the 1 \1<1 tical ior n1 ior the ve r tical wavenUtnbc r spe c tr um which w ould a c hieve a g r e e ment 

be tween r a dio data and the theory of forward s catter from re fr,tctivity turbulence [ Norton, 

l ') (> <l ] .  H.;tdin data we r '' used t o  rletc r minc the fol l owing c mpiric;tl form for a
v

' upon which 

t lw p r<·d idions ot' s e ction 9 a r <! b.u ;cd; 

a 
v 

>.. 1\1- 5 M (IV . 18 ) 

(IV . 19 ) 

w he r e  

�n = n - < �.n > (IV . 20)  

is the deviation o f  r e fractive index from its exp e c te d  value < � >. and i. 
0 

is a 1 1  s cale o f  

turbulenct! 1 1  [ Ric<' and Hc r bstreit, 1964 ) . 
2 

Value s of the variance < ( �n )  > of re frac tivity fluctuations and s cales of turbulence 

£ obtained fr om me te orological data lead to good a g r e e ment between (IV . l 8 )  and r adio 
() 

dat.L when an exponential dependence o£ M on height is as sume d ,  subs tituting the c o r r e -

z • 
0 

s p onding value of w
v 

in ( IV . 1 1 ) .  It is not yet clear how the e s timate s of m, m
0, 

and N1 r e quir e d  by the the ory of forward s catte r from lay e r s  o f  a given type can be 

obLtilwd from direct mete o r ol ogical measurements ,  nor .how the s e  paramete r s  will vary 

thr ough out the large volume of space vis ible to both antennas over a long s c atte r path. It 

doL: S  s e e n; clear that this needs to be done . 

b ,  

D a ta fr om e levated nar r ow - beam antennas that avoid 11 0n1e o f  t h e  c on1plex phenomena 

due to r e flec tion and diffrac tion by te r r ain, and which s e le c t  small s c atte ring volumes, sug­

g e s t  that for s c a tt e r ing angles exc e eding ten deg r e e s ,  r e flec tions from lar g e  lay e r s  can 

ha r d l v  b" dominant ov e r  r e flec tion from inte r m ediate and small lay e r s  or f r om r e frac tivity 

t u r bulenc e . Pr e liminary r e s ults indicate that field s trengths dec r e a s e  more s lowly at a 

l h " d  d i s ta n c e  and with s c atte r ing angle s e inc r e a s ing up to fifteen de g r e e s  than would be p o s ­
- 6  s i b lt'  with the e d e p e ndenc e o f  a

v 
given by ( IV . 1 5) added t o  a pr obable exponential decay 

with height of the expec ted value of the meteor ological parameter M N� for large laye r s . 

The wavelength and angle dependence of for ward sc atter c ha r a c te r ized by the Obukhov ­

l<: o l m ogor ov turbule n c e  the ory is nearly the same as that for small lay e r s ,  given by ( IV . l 7) .  

For s c atte r i n g  from r e frac tivity tur bulenc e :  

M 
0 

a 
vo 

2 
r ( ll / 6 )  < ( �n )  > 
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Although most of the pr opagation paths which have been studied rarely s how this frequency 

rl•' P"""'' ' " ''' • c: on w  o c c < � s iona lly do agree with ( IV . 2 1 ) .  In general, the radiowave s c attering 

· · •· o:-; s - >il' c l ion p•· •· unit volume a
v 

is a wc ightt'd a vt"l rage of scatte ring from ;tll kinds of 

1 . 1  Y <' ,.,. ,, .. ft•uil k t 1:1  i!nd the turbulent'< '  btl tWo<'ll liH' I l l .  
Sun m1a dzing t he ar�ument: 

a = a + a  + a  + a  _ X. tjl - S  M V VO VI VZ V3 {IV . l3 )  

for 10-4 
< " <  1 0-2 

k m ,  0 . 0 1  < tjJ < 0 . 03 radians , where M has been de te rmined from 

radio data, s ubject to the assumption that M de creases exponentially with height above the 

e a r th ' s  s ur face . Equation ( IV . 23 )  is intended to indicate the pres ent state of the twin arts of 

formulating the orie s of tropospheric forward scatte r and comparing the s e  the ories with avail ­

able long -te r m  median transmis sion los s data . A g reat deal of available data is not forward 

scatte r data, and it is for this reason that e s timates of long -te r m  variability as  given in 

section 10  and annex Ill are almos t entirely e mpirical . 

Als o, for this r e a son, estimates of L as given in s ection 9 are restricted to long-
gp 

te rm tnedian forward s c atte r transmis sion los s .  Available measurements of diffe r e nc e s  in 

p ; l l h  •> • d • · l l n .l gain a g n · • ·  wit h in lh<• l imits  of • ' X JW r inwn tal e r r or with th <' v alue s pr t>dic tcd by 

t i l ! ·  1 1 , . · t h od of ,. ,.,· t i « n  ') wh • ·n<· v e r  tlw d u o n i n. t l l t  p• ·opi! J.:il t iun mccha nis n •  is for w a r d  sc attt· r .  
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a 
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IV . 3 Lis t of Spec ial Symbols Used in Annex IV 

Radiowavc scattering croes-section of a single scatterer or group of ecatterers ,  

(IV . 13) . 

a Radiowave scattering erose-section per unit volume, (IV . 1 4) . 
v 

a Radiowave scattering cross-section from r efractivity turbulence, (IV . 21 ) . 
vo 

a , a , a Radiowave scattering cross- sections per unit volume for lar ge, medium, and 
Vl V Z V3 

b 

c p 

G(u) ,  G(v) 

1 

1 0 
m 

m 0 

M 

M 0 

n l' n2 
Nl 

N v 

q 

qo 

R, R 0 
R., R. 0 

Rol. 
S(u) , S(v) 

u 

v 

vi 

small layers,  (IV. 1 5) to (IV .  1 7) .  

The dimensions of an atmospheric layer or feuillet in any dire ction perpendicu­

lar to K. ,  ( IV .  9) . 

Polarization efficiency of the power transfer from transmitter to rec eiver, 

( IV .  1 3) .  

Fresnel  c os ine integrals, (IV . s') . 
A range of eddy size s or laye r s ;  the radio wave scattered forward is most af­

fected by a particular range of "eddy sizes, " 1 , or by layers of an average 

thicknes s  1 I 2 ,  that are visible to both antennas, (IV . 1 ) . 

Scale of turbulence, (IV .  1 9) . 

Average r efractive index gradient, dn/ dz , acros s a layer, (IV . 5) . 

Average refractive index gradient for the region in which a layer is imbedded, 

( IV .  5) . 
2 

A tex·m defined by (IV . 6) used in the power r eflection coeffic ient q , 
A term defined by ( IV .  2 2) used in defining avo , the scattering c ros s - s ection 

from refrac tivity turbulence .  

Refractive indices of  adjacent layers of  homogeneous media, (IV . 3) . 

The number of layers per unit volume of a scattering c ros s - section, ( IV . l 5) 

to (IV. 1 7) .  

The number of scattering subvolumes that make an appreciable c ontribution 

to the total available power ,  (IV . 1 1 ) .  
2 The power reflec tion c oeffic ient, q , for a tr opos pheric layer is approxi-

mated by (IV . 6) . 

The plane wave Fresnel refle ction coefficient for an infinitely extended plane 

boundary, (IV .  3) . 

Vector dis tance s  fr om transmitte r and r eceiver, respectively, to a point R0 
Unit vectors from the centers of radiation of the receiving and transmitting 

antennas ,  respectively, ( IV.  1 ) . 

A point from which power is coherently s cattered or reflec ted, (IV . 1 1) .  

Fresnel sine integrals, (IV . 8) . 

A parameter defined by ( IV .  9) . 

A paramete r defined by (IV . 9) . 

The i th s cattering subvolume, (IV . n l . 
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X 

z 

z 
0 

< An> 
2 

< (An) > 

Available power per unit scattering volume, ( IV .  1 1) .  
th 

Available power per unit scattering volume for the i s cattering subvolume, 

(IV .  1 2) 

Half the width of a fir st  Fre snel zone, (IV. 7) . 

Thic kne a m  of a tropoapheric layer, (IV. 6) . 

The thic kne s s  of a tropoepheric layer,  (IV .  6) , 

The deviation of r efrac tive index from ita expected value, (IV. 20) . 

The expe cted value of r efractive index, ( IV .  20) . 

The varianc e . o£ fluc tuations in r efrac tive index, (IV. l9) . 

A wave number direction defined by (IV. 1) . 

The grazing angle for r eflection from a layer, ( IV .  2) .  
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Annex V 

PHASE INTER FERENCE FADING AND SERV IC E  PROBABI LIT Y 

As a gene ral rule , adequate s e rvice over a radio path r e qui r e s  prote c tion against noise 

when pr opagation conditions are poo r ,  and require s  p r otection against inte rference from 

cochannel or adjacent channel s ignals when pr opa gation conditions are good. Optimum use 

of the radio spectrum requi r e s  s ys tems so designed that the r e c eption of wanted s ignals is 

protected to the g r e ate s t  degree practicable from inte r fe rence by unwanted radio signals and 

by nois e . 

The s hort-te rm fading of the instantane ous r e c e ived power within periods of time 

rang ing from a few m.inute s up to one hour or more is largely a s s ociated with random fluctu­

ations in the r e lative phasing between c omponent waves . .  The s e  wave s a r rive at the rece iving 

ante nna after p ropagation via a multiplicity of propagation paths having e le c t r ic al length s that 

va ry f rom s e c ond to s e c ond and from minute to 1ninute ove r a range o£ a few wavelenths .  A 

s ma l l  part of this short-te r.;m fading and us ually all of the long -te rm var iations arise from 

minute -to-minute changes in the r oot - s um - s quare value of the amplitude s of the component 

wave s ,  i . e . , in s ho r t -term changes in the mean power available from the receiving antenna . 

In the analys i s  of s hort -te r m  fading, it is c onvenient to c onsider the effe c ts of the s e  pha s e  

and root - s um- squa re amplitude changes a s  being two sepa rate components o f  the instantaneous 

fading . Multipath or "pha s e  int e rfe rence fading" among simultaneously occur ring mode s 

of p ropagation usually dete rmines the statistical cha racte r of short -te rm variability. 

Over most tran s horizon paths , long -te rm variability is dominated by " powe r fading11 , 

due to s l ow c hang e s  in ave rage atmospheric r e fraction, in the intensity of refractive index 

turbulenc e ,  or in the degree of atmospheric s tratification. The distinction between phase 

inte r ference fading and power fading i s  s omewhat arbitrary, but is neverthele s s  extremely 

u s e ful . E c onomic c ons ide rations , as contrasted to the require ments for spectrum c ons e rva­

tion, indicate that radio r e c e iving sys tems should be des igned fl O  that the minimum practic"able 

transmitte r powe r is requir e d  for s atisfactory r e ception of wanted signals in the p re s enc e 

of noi s e .  Fading expected within an hour or othe r c onvenient " short" period of time is 

allowed for by c_ompa r ing the median wanted s ignal power w 
m 

available at the receiv e r  with 

the median wanted s ignal power w 
mr 

which is required for s atisfactory rec eption in the 

p r e s ence of nois e .  This ope rating sensitivity w 
mr 

as sume s a spe cified type of fading 

s ignal and a specified type of noi s e ,  but doe s not allow for othe r unwanted sip;nal s . 

In the pres ence of a s pe c ified unwanted s ignal, but in the absence of othe r unwante d 

s ignals or appr e ciable nois e ,  the fidelity of information delive red to a receive r output will 

inc rease as the ratio r 
u 

of wante d-to-unwanted s ignal power inc reas e s .  The de gree of 

fidelity of the r e c e ived infor mation may be me asured in various ways . ·  For example ,  voice 

s ignals are often me a s ur e d  in terms of their intelligibility, television pictur e s  by s ubje c tive 
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ob a e r vation, and te l e type: , ;  i ;_: :-,a l  s h·/ th•: pe r c entage of c o r r e '  t l  y int •.' r p r e te d  re u : ived c ha rae -

te r a .  A apcdfic d g r ade u f  s e rvict: pr ovided by a given want e d  s i gnal will guarantee a 

cor r esponding deg r e e  of fide lity of the information delive r e d  to the re c eiver output . For 

example , a Grade A tele type s ervice c ould be defined as one providing 9 9 . 9 9  p e r cent 

e r r o r -free characte r s ,  while a Grade B s e rvice could be define d a s  one providing 9 9 . 9  pe r ­

cent e r r or -free characte r s . 

The prote c tion ratio r 
ur 

r e quir e d  for a given grade of s e rvice will depend upon the 

nature of the wanted and unwante d s ignals ; i .  e .  , their deg r e e  of modulation, their location 

in the spectrum relative to the principal and s purious r e s pons e bands of the r e c e iving s ystem, 

and their pha s e  inte rfe rence fading characteristic s .  The use of r e c e iving s ys te ms having 

the s malle s t  values of r 
u r  

for the kinds of unwante d s ignals likely to be encounte r e d  will 

pe r mit the s ame portions of the spe ctrum to be used s imultane ously by the maximum numb e r  

o f  us e r s . F o r  instanc e ,  F M  with feedback achie v e s  a r e duction in r for a c ochannel 
ur 

unwanted s ignal by occupying a larger portion of the s pe ctrum . But optimum l i S e  of the s pe c -

trum r e qui r e s  a careful bal ance between r e ductions in r 
ur 

on the same chann e l  and on 

adjacent channe l s , taking a c c ount of othe r system is olation facto r s  s uch as s e paration between 

channe l s ,  ge ographical s e paration, antenna dire c tivity, and c r o s s -polarization . 

Note that the operating s e n s itivity 

the median wanted s ignal powe r but r 
u r  

w 
mr 

is a measure of the r e quir e d  magnitude of 

involve s only the ratio of wanted to unwant e d  signal 

powe r s .  For optimum u s e  of the spe ctrum by the maximum numb e r  o f  s imultaneous us e r s ,  

the transmitting and r e c e iving s y s tems o f  the individual links s.hould b e  designed with the 

primary obje ctive of ensuring that the various values of r 
u 

centage of the time during the intended periods of operation. 

exceed r 
ur 

for a large pe r ­

Then s ufficiently high trans -

mitte r powe r s  should be u s e d  s o  that the me dian wanted signal power w 
·
exc e e ds w 

m m r  
for a large percentage of the time during the intended period o f  r e ception a t  each r e c e iving 

location. This approach to frequency a s s ignment problems will be unrealistic in a few cas e s ,  

such a s  the cleared channels r e quir e d  for radio as tronomy, but the s e  rare exceptions merely 

s e rv e  to te s t  the otherwi s e  g e n e r a l  rule [ Norton, 1 ';1 50 ,  1 9 6 2  and N o r to n  and Fine 1 949] that 

optimum use of the s pec trum can be achieved only whe n inte r fe r ence fr om other s ignals r ather 

than from nois e  pr ovide s the ineluctable limit to satisfactory r e c e ption . 

This annex dis cu s s e s  the r e quirements for s e rvice of a given g r ade g, how to e s ti -

mate the expe cted time availability q of acceptable s e rvic e ,  and, finally, how to calculate 

the s e rvice pr obability Q for a given time availability. 
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V .  1 Two Components of Fading 

Both the wanted and the unwanted signal powe r available to a rece iving system will 

usually vary from minute to minute in a random o r  unp redictable fa shion .  lt is convenient to 

divide the "instantaneous received s ignal powe r" Wn "' 10 log w
'IT 

into two o t· th ree add it: i v<· 
c omponents whe re w'IT i s  defined as the ave rage powe r for a s ingle cyc le ol the radio frequency ,  

2 
so as to eliminate the variance of power as soc iated with the time facto r cos  (wt): 

W ::: W + Y = W ( 0 .  5)  + Y + Y dbw 
n m 'IT m n 

( V . l )  

W 
m 

i s  that c omponent o f  W 
rr 

which i s  not affected by  the usually rapid phase interfe rence fading 

and is most often identified as the short-te rm median of the available powe r W 'IT at the receiving 

antenna . W (0. 5) is the median of all such value s of W , and is mo st often identified as the 
m m 

long -te rm median of W 
rr

' In terms of the long -term median transmi s s ion loss L
m 

( 0 .  5) and the 

total powe r W
t 

radiated from the tran smitting antenna: 

W ( 0 . 5) = W - L (0 . 5 )  
m t m dbw ( V . 2)  

The characte ristic s of  long-term fading and pha se inte rfe rence fading , re spectively, are de ­

sc ribed in terms of the two fading components Y and Y 
rr 

in ( V .  1 ) :  

y ::: w - w (0 . 5 ) ,  y = w - w 
m m rr 'IT m ( V . 3) 

The long te rm for which the median powe r, W (0. 5), i s  defined may be as short a s  
m 

one hour o r  a s  long as seve ral year s  but will,  in general, consist of the hours within a spe c i -

fied per iod of time . F o r  most continuously ope rating se rvice s  it i s  convenient t o  conside r  

W m ( 0 .  5 )  as  the median powe r ove r a long period of tim e, including all hour s  of the day and 

all seasons of the yea r .  Obse rvations of long -te rm variab ility, s ummarized in section 1 0  

and in annex III, show that W m i s  a ve ry nea rly normally distributed random va riable 

characte rized by a standa rd deviation that may range f rom one decibel within an hour up 

to ten dec ibels  for per iods of the order of seve ral yea r s .  The se  value s o f  s tandard deviation 

a re representative only of typical beyond -the -horizon p ropagation paths and vary widely for 

oth e r  propagation c onditions . 

For pe r iods as short as an hour, the varianc e of Y
rr 

i s  gene rally g reate r than the 

va rianc e of W m 
The long -te rm variability of W m i s identified in section 1 0  with the 

va riability of hourly median s ,  exp re s sed in terms of Y (q): 

Y(q) = W (q) - W ( 0 .  5) = L (0 . 5 )  - L (q) m m m m ( V . 4)  

whe re W 
m

(q) i s  the hourly median signal powe r exc eeded for a f rac tion q of all hours ,  and 

Lm(q)  is the corre sponding t ransmis s ion los s  not exceede d  for a fraction q of all hours .  

v - 3  



Often, data for a path a r e  available in terms of the long -term c umulative distribution 

of in stantane ous powe r ,  W ; that i s ,  we know W (q) ve r sus q, but not W (q) ve rsus q. An 
1T rr m 

app roximation to the cumulative dis tribution function L (q) versus q is given by 
0 

2 I 
L (q) !:II L (0 . 5) ± [ Y (q) + Y 

2 
(q) ) a • ( V .  5) o m 1T 

The plus s ign in ( V .  5) is used for q > 50 pe rcent, and the minus sign for q < 50 pe rc ent . 
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V .  2 The Nakagami-Rice Distribution 

For studies of the operating sensitivity w mr 
of a receiver i.n the pre senc e  of a 

r apidly fading wanted s ignal, and for studie s of the median wanted s ignal to unwanted s ignal 

r atio H ( g) r equir ed for a grade g service ,  it is helpful to consider a particular stat-ur 
i s tit- a l  model which may be used to de sc ribe phase  interference fading . Minoru Nakagami 

[ 1 940 ] de scrib<' s a model which depends upon the addition of a constant signal and a Rayleigh­

distr iuuted random signal [ R ayleigh 1 880 ; Rice, 1 945;  Norton, Vogler ,  Mansfield and Short, 

1 9 5 5 ;  Bec kmann, 1 9 6 la, 1 9 64 ] .  In this model, the root-sum- square value of the amplitude s 

of the Rayleigh c omponents is K decibels relative to the amplitude of the c onstant component. 

K = +oo c or re spond s  to a c onstant received s ignal. For a R ayleigh distribution, K = - co 
and the pr obabi lity q that the instantaneous power, w

rr
, will exceed w

r
r(q) for a given value 

of the short-term median power, w 
m , may be expr e ssed:  

w (q)  log 2 
q [ w > w (q) I w I :: exp [ -

rr e ] , [ K = _ co ] 
"fT' w m "'  w 

m 

Alternatively, the above may be expr es sed in the following forms:  

q [ Y > Y (q)] = exp { - y (q)  log 2 ] [ K = - co] rr 1T rr e • 
Y

rr
(q) 5 . 2 1 390  + 10 log { log ( l /q) } , [ K = . oo) 

( V . 6a) 

( V .  6b) 

( V .  6c) 

Figures  V .  1 -V ,  3 and table V .  1 show how the Nakagami-Ric e  phase interfe rence fading 

distr ibution Y (q) depends on q, K, and the average Y and s tandard deviation o- of Y rr 'II' y 'II' 
It is evident f r om figure V ,  l that the distribution of phas e  interfere nce fading depends "hnly on 

K . The utility of this distribution for describing phase interference fading in ionos pheric propa­

gation is discussed in C CIR report [ 1 963k) and for tr opospheric propagation is demonstrated in 

pape r s  by Norton, Rice and Vogler [ 1 9 55] , Janes and Wells [ 1 9 5 5 ] .  and Norton, Rice, Jane s 

and Bars i s  [ 1 9 55] . Bremmer [ 1 9 59 ]  and Beckmann [ 1 9 6 l a ]  discuss  a somewhat more general 

fading model. 

For within - the - ho r i z o n  tropospheric paths ,  inc luding either short point-to-point ter ­
r e strial paths or paths fr om an earth s tation to a satellite, K .  will tend to have a large 

-pol!litive value thr oughout the day for all seasons of the year . As the length of the terrestrial 

pr opagation path is increased , or the e levation angle of a satellite is dec r eased, s o  that the 

path has le s s  than fir st  Fr e s ne l  zone c learance,  the expected value s of K will decrease 

until, for s ome hour s of the day, K will be le s s  than zero and the phase  interference  

fading for s i gnals pr opagated ove r  the path a t  the s e  times will tend to  be  closely· represented 
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i >v  a R a y l<' i�h di s t r i b u t i u n . Fo r m o s t  beyond- thc - h o l'l :t. on pa t h s I< will b<• l P s s  t hn n  z e r o  

1 1 1 > � :-. l  t d  t h � ·  t i t n t' . Ft..q· k n dl• - t.•dgv d i f f ra v t J un pa t h ::;  1\. i :-;  o t" l t..• t t n n w h  g r t · .l f ( · r  tha n Y.t · r o .  W hen 

i•H· r t· . t s t• lo valtH' " much g r l'a te r  than z e r o  even for t rans hori zon p r upe� ga timl pa t h s .  l' ur ; o  

g o v cn b c y und - th e - h o ri z o n  path, K will tend to b" pos itiv e ly c o r re lated with the me dian 

powe r level W ; i . <! . , l a r g e  value s of K are expe cted with lar g e  values of W F or 
m m 

some within -the -ho riz on paths,  K and W 
m 

tend to be ne gative ly c orr e la ted. 

It i s  as sumed that a pa rticular value of K may be a s s o c iated with any time availability 

q,  howeve r ,  few data analy se s of thi s kind a r e  p r e s e ntly ava ilable . A p ro g ram of data 

analy sis  i s  clea rly d e s i rable to p rovide empi rical e s timates of K ve rsus q for particula r 

c limate s ,  sea s ons,  time s of day, length s of r e c o r ding, frequenc ie s ,  and p ropagation path 

cha r a c te r i stic s .  It s h ould b e  noted that K ve r sus q e xp re s s e s  an a s sumed functional 

r e lation s hi p .  

An analysis of  data for a s ingle day ' s  rec or ding at 1 0 46 MHz ove r a 364-kilome te r 

path is p r e s e nted he r e  to illustrate how a re lationship between K and q may be e s tablishe d .  

Figure V . 4  shows f o r  a s ingle day the obs e rved inte rdecile range Wrr ( O . l ) - W
rr

( 0 . 9) 

Lrr( O . ') )  - Lrr( O . l ) for each fiv e -minute pe riod pl otte d against the median trans mis sion l o s s  

L for t h" f i v< ' - minute pe r iod.  Figure V . l a s s ociate s a value o f  K with e <tch value o f  
111 

Lrr( 0 . 9 ) - Lrr( ll 1 ) , and t he cumulative dis tribution of L
111 

as s oc iate s a time availability q 

w i t h  <!.t c h  value or L In figure V . 4 , K 
m 

appe a r s  to in c r ea s e with increasing L m for 

thP hom· s 0000 - 1 7 00, although the usual tendency ove r  l ong periods is  for K to d e c r ea s e  

with Lm . The s traight line in the figure is drawn through medians for the pe r iods 

0000 - 1 700 and 1 70 0 - 2400 hou r s ,  with line a r  s cales for K and L
m

, as s hown by the 

inse t  for figure V . 4 .  The corresponding curve of K versus q is c ompared with the data 

in the main figur e . 

Figure V .  5 s h ows for f = 2 GHz and 30-me te r antenna he ights ove r a s mooth e a r th 

a po s s ible e s timate of K v e r sus dis tanc e and time availability . The s e  c r ud e  and quite 

speculative e s timate s a r e  g i v e n  he r e  only to p rovide the example in the lower pa r t  of 

figure  V .  5 w h i c h  s h ow s how s u c h  info r m a tion w i t h  ( V .  6) may be used to obtain c urves  of 

L rr ( q )  v e r s u s  q .  The s olid c u r v e s  in the low e r  pa r t  of figur e V .  5 show how L, (q )  

v a r i e s w ith d i s ta n c e for q = O . O O O l ,  0 . 0 1 ,  0 , 5 ,  0 . 9 9 a nd 0 . 99 9 9 , where Ln i s the 

t r an s m i s s ion l o s s  a s s oc i a t e d  w ith the in s tantaneous powe r , Wrr . 
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< I 
.... 

K l  
db 

40 
35 
30 
25 
2 0  

1 8  
1 6  
1 4  
1 2  
1 0  

8 
6 
4 
2 
0 

- 2 
- 4 
- 6 
- 8 
-1 0 

-12 
-1 4  
-1 6 
-1 8 
-lO 

_ ..,  

y T!' 

db 

-0. 0002 
- 0 . 0 0 0 7  
- 0 . 0022 
-0. 0069 
- 0 .·02 1 7  

- 0 . 0343 
- 0 . 0543 
- 0 . 0859 
- 0  • .  1 36 
-0. 2 1 4  

- 0 . 3 3 4  
- 0 . 5 0 7  
- 0 . 706 
- 0 . 866 
- 0 . 941 

- 0 . 953 
- 0 . 942 
- 0 . 929 
-0. 922 
- 0 , 9 1 8  

- 0 . 9 1 6  
- 0 . 9 1 6  
- 0 . 9 1 5  
- 0 . 9 1 5  
-0 . 9 1 5  

- 0 . 9 1 5  

I 
0' y T!' �(0.005) 

db db 

0 . 0 6 1  0 . 1568 
0 . 1 0 9  0 , 2 768 
0 . 1 9 4  o .  4862 
0 . 346 0. 8460 
0 . 6 1 6  1 .  4486 

o. 776 1 . 7840 
0 . 980 2 . 1 8 56 
1 .  2 3 8  2. 6605 
1 . 569 3 , 2 1 36 
l. 999 3. 845 3 
2 . 565 4. 5493 
3 , 2 7 9  5. 3093 
4. 0 3 6  6 . 0955 
4. 667 6 . 8613 
5 . 094 7. 541 1 
5 . 340 8 , 0697 
5 . 465 8 , 423 1  
5 . 525 8. 6309 
5. 5 5 1  8. 7394 
5 , 562 8. 7 9 1 8  
5. 5 6 7  8 .- 8 1 55 
5 . 569 8. 8258 
5.  5 70 8. 830 1 
5 , 5 7 0  8. 83 1 9  
5 , 5 70 8. 8326 
5 , 5 70 8 , 8 3 3 1  

Table Y.  1 Characte ristic s of the Nakagami -Rice 
Phase Interference Fading Distribution Yrr(q)  
Y > Y (q) with Probability q ;  Y (O.  S)  = 0 rr rr rr 

y ( 0 .  0 1 )  
rr \( 0.02) 

db dh 

0 . 1 4 1 7  0 , 1 252 
0 . 2504 0. 2 2 1 4  
0 . 4403 0. 3 898 
0 . 7676 0 , 681 1 
l .  3 1 84 1 . 1 738 

l .  6264 1 . 4508 
1 . 9963 1 . 7847 
2 . 4355 2. 1829 
2. 949 1 2. 6507 
3 , 5384 3. 1 902 
4. 1 980 3 . 7975 
4.  9 1 3 2  4 .  459 1 
5 . 6559 5, 1 494 
6 .  3 8 1 1  5 , 8252 
7. 0246 6. 4248 
7. 5228 6. 886 1 
7. 8525 7. 1 8 7 3  
8. 0435 7. 3588 
8. 1 41 7  7, 445 1 
8. 1 8 8 1  7. 485 7 
8. 2090 7. 5 0 3 1  
8. 2 1 79 7. 5 1 0 6  
8 . 2 2 1 6  7 .  5 1 36 
8. 2232 7. 5 149 
8. 2238 7. 5 1 54 
8 . 2 242 7 . 5 1 5 8  

Yrr(O.OS) 

db 

0 , 1004 
o .  1 7 78 
o. 3 1 36 
0 , 5496 
0 . 9524 

1 . 1846 
1 .  4573 
1 . 7896 
2. 183 1 
2 . 6408 

3 , 1602 
3 �  73 1 3  
4, 3 3 1 5  
4. 9 2 1 9  
5 . 4449 

5 , 8423 
6. 0956 
6 . 2354 
6 . 3034 
6 . 3341 

6. 3474 
6 , 353 1 
6 . 3552 
6 . 356 1 
6 , 3565 

6 . 3567 

y ( 0 .  1 )  
T!' 

db 

0 , 0 784 
o. 1 3 5 2  
0 . 2453 
0 . 43 1 2  
0 , 7508 

0 . 9332 
1 . 1 55 8  
1. 4247 
1 . 7455 
2. 1 2. 1 8  

2 . 552.8 
3. 0 3 0 7  
3 . 5366 
4. 0 366 
4. 4782 

4. 8088 
5 . 0 1 3 7  
5 . 1 2 3 3  
5 , 1 749 
5 . 1 9 76 

5. 2 0 7 1  
5 .  2 1 1 £  
5 . 2 12. 8  
5 .  2. 1 35 
5. 2 1 3 7  

5 . � 1 39 

y {0. 9) 
T!' 

db 
- 0 . 0 790 
-0.  1 4 1 1 
-0. 2525 
- 0 . 4538 
- 0 . 8 2 1 8  

- 1 . 0 45 3  
- 1 . 3 3 2 6  
- 1 . 7028 
- 2 . 1808 
- 2 .  7975 

- 3 . 5861 
-4. 5 7 1 4  
-5 . 71 0 1  
-6. 7874 
- 7 . 5 2 6 7  

- 8. 0 0 74 
- 8 . 0 7 3 2.  
- 8 . 1 386 
-8. 1 6 46 
- 8. 1 753 

-8. 1 792 
-8. 1804 
-8. 1 8 1 1 
-8. 1 8 1 3  
-8. 1 8 14·  

- 8 . 1 8 1 5  

Yrr ( 0 ,  95) 

db 

- o .  1 0 1 6  
- o .  1 8 1 5  
- 0 . 3254 
- 0 , 5868 
- 1 . 0 6 96 

- 1 . 3660 
- 1 . 7506 
- 2 . 2526 
- 2 . 9 1 1 9  
- 3. 7820 

- 4, 9287 
- 6. 4059 
- 8 . 1 2 16 
- 9. 62.78 
- 10 . 5553 

- 1 1 . 0005 
- 1 1 . 1 8 76 
- 1 1 . 2606 
- 1 1 . 2893 
- 1 1 . 3005 

- 1 1 .  3 048 
- 1 1 . 3065 
- l l . 3 0 72 
- 1 1 . 30 75 
- 1 1 . 3 0 76 

- 1 1 . 3 0 77 

Yrr (O,  98) y (0. 99) 
11' 

db db 

- 0 . 1 2 7 0  - 0 . 1440 
- o . 22 n - 0 . 2579 
- 0 . 4082 - 0 . 463 8  
- 0 . 7 3 9 1  - 0 . 842 1 
- 1 .  3 5 72.  - 1 . 5 5 44 

- 1 . 7416 - 2. 0 0 1 4  
- 2 . 2463 - 2. 5 9 3 1  
- 2 .  9 1 56 - 3 .  3872 
- 3 . 8 1 43 - 4. 4715 
- 5 . 0372 - 5. 9833 

- 6. 7 1 7 1  - 8. 1 4 1 8  
- 8. 9732 - 1 1. 0 9 72.  
- 1 1 . 5 1 85 - 14. 2546 
- 1 3. 4690 - 16 . 42.5 8  
- 14. 540 1 - 1 7. 5 5 1 2  

- 1 5 . 0 2. 7 1  - 1 8. 0 5 2 7  
- 1 5 . 2 2 73 - 18. 2573 
- 1 5 . 3046 - 18 . 336 1 
- 1 5 . 3349 - 18, 3669 
- 15 . 3466 - 1 8. 3 788 

- 1 5 . 3 5 1 2  - 18 . 3834 
- 1 5 . 3529 - 18 . 3852 
- 1 5 . 3 5 3 7  - 18 . 3860 
- 1 5 . 3540 - 1 8. 3863 
- 1 5 . 3541 - 1 8. 3864 

- 1 5 . 3542 - 18 . 386 5 

y �o.  l J  -
Yrri O .  995) y ( 0 .  9) rr 

d=> db 

- 0 . 1 5 96 0 . 1 5 74 
- 0 . 2860 0 , 2 7 6 3  
- 0. 5 1 5 1  0 . 4978 
- 0 . 9374 0 . 8850 
- 1 . 7389 1. 5 7 26 

- 2 . 246 1 1 .  9 785 
- z. 9 2 3 1  2 . 4884 
- 3. 8422 3 . 1 2 7 5  
- 5 ,  1 1 88 3 . 92.63 
- 6, 9452. 4. 9 1 93 

- 9 . 6 3 86 6 . 1 389 
- 1 3. 4 1 94 7 . 602 1 
- 1 7 . 1 0 1 7  9 . 2467 
- 1 9 . 4013 1 0 . 8240 
- 20 . 5 6 1 8  1 2 . 0049 

- 2 1 . 0 7 0 6  1 2 . 8 1 6 2  
- 2. 1 . 2 7 7 4  1 3 . 0869 
- 2 1 . 3 5 6 5  1 3 , 2 6 1 9  
- 2 1 . 3 880 1 3 . 3395 
- 2 1 . 4000 1 1 3 . 3 72.9 

- 2 1 . 4046 · 1 3 . 3863 
- 2 1 . 4064 \ 1 3 . 3 9 1 6  
- 2 1 . 40 7 2  1 3 . 3929 
- 2 1 , 40 75 1 1 3 . 3948 
- 2 1 . 4076 , 1 3 . 3 9 5 1  

- 2 1 . 40 7 7 1 1 3 . 3954 
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K= RATIO I N  DECIBELS BETWEEN THE STEADY COMPONENT OF 

THE RECEIVED POWER AND THE RAYLEIGH FADING COMPONENT 

Figure 7.1 
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V .  3 Noi s e - Limited Se rvice 
A detailed discussion of the effective noise bandwidth, the ope rating noise factor, and 

t he ope rating sensitivity of a receiving system i s  pre sented in a recent report, "Optimum U sc 

of the Radio Frequency Spectrum, 11 prepared under Re solution 1 of the CCIR [ Geneva, 1 96 3c) . 

The median value of the total noise  powe r wmn watts in a bandwidth b cycles 
per second at the output load of the � portion of a receiving system includes external 

noise accepted by the. antenna as well as noise generated within the receiving system, includ­
ing both principal and spurious responses of the antenna and transmis sion line as well as the 

receiver itself. This total noise power delivered to the pre -detection receiver output may be 
referred  to the terminals of an equivalent loss -fre e  antenna (as if ther e  were only external 
noise sources) by dividing w mn by g0 , the maximum value of the operating gain of the pre ­

detection r eceiving system. 
The operating noise factor of the pre-detection receiving system, f , may be ex­op 

pr es s ed as the ratio of the," equivalent available noise  power"  w /g to the Johnson noise mn o 
power k T b that would be available i:n the band b from a resistance at a r eference absolute 

0 -23 temperatur e T 
0 

= 288 .  3 7 degrees Kelvin, where k :: l .  3 80 54 )( l 0 j oule s per degree is 

Boltzmann' s c onstant: 

or in decibels : 

w / g  
rnn o f op k T b 

0 

F = (W - G ) - (B - 204) db • op mn o 

The constant 204 in (V . 8) is - 1 0 log (k T0) .  

(V . 7) 

(V .  8 )  

Note that the available power from the antenna as defined in  annex ll has the desired 

property of being independent of the receiver input load impedance , making this concept 

e spe cially use ful for the definition and measurement of the operating noise factor 
defined under  CClR Re solution 1 [ Geneva, 1 963  c ] .  

f as op 

At frequencie s above 1 00 MHz , where receiver noise rather than external noise 

us ually limits r eception, £ is e ssentially independent of external noise .  In general, f op op 
is proportional to the total noise wmn delivered to the pre -detection receiver output and so 

mea sur es  the deg r e e  to which the entire system, including the antenna, is able to disc riminate 
against both external noise and rec eiver noise .  

V - 1 3  



Let W rep re sent the median available wanted signal powe r associated with pha se 
m 

inte rfe rence fading at the te rminals of an equivalent lo.s s -free receiving antenna, and let 

the "ope rating thre shold" W (g) repres ent the minimum value of W which will provide 
mr m 

a g rade g se rvice in the presenc e of noise alone . The ope rating thre shold W a s sume s  
mr 

a specified type of wanted signal and a specified type of noise,  but doe s not allow for other 

unwanted s ignals . Compared to the total range of their long -te rm variability, it i s  as sumed 

that W and W (g) are hourlr median values ;  i . e . , that long-te rm powe r fading is negligible 
m mr 

ove r  such a short per iod of time . Let G repre sent the hourly median operating signal 
ms 

gain of a pre-detec tion receiving system, expre s sed in db so that W + G ve ry closely 
m m s  

approximate s the hourly median value o f  that component o f  available wanted signal power 

delivered to the pre -detection receive r  output and a s sociated with pha s e  inte rfe rence fading . 

The median wanted signal to median noise ratio available at the pre -detection receive r 

output i s  then 

R :: ( W + G ) - W db 
m m rn a  mn (V.  9a) 

and the minimum value of R
m 

which will provide a de sired g rade of service in the pre sence 

of noise alone is 

R (g) = [ W (g) + G ] - W m r  m r  ms mn 
db . (V . 9b) 



V .  4 Inte rfe renc e- Limited S<' rvic<' 

Sepa ration of the total fading into a pha se fnt e rfe rence component Y and the 
n 

more s lowly varying component Y as desc ribed in Ser:tion V .  1 appea r s  to be de sirable 

fo r several reaaons : ( 1 )  variations of Yn a s sociated with pha s e  inte rfe rence may be 

'' xpectecl to occur completely independently for the want ,•d and unwanted signa l s ,  and 

this f<� cilitate s  making a more precise d etermination of the requi red wanted-to-unwanted 

si gnal ratio, R ( g ) ,  (2 )  the random va riable Y follows the Nakagami-Rice distri-
ur . n 

bution, as illustrated on figure V .  1 ,  while variations with tim e of Y are approximately 

no rmally distributed ,  (3 )  the variations with tim e of the median wanted and unwant ed 

si gnal pow e r s  W 
m 

and W 
urn 

tend to be correlated for most wanted and unwanted 

p r opa gation path s ,  and an a c curate allowance for thi s correlation is facilitated by 

s eparating the instantaneous fading into the two additive c omponent s Y and Y n and 

( 4 )  most of the cont ribution to the variance of W 
m 

with time occurs at low fluctuation 

f r equenc ie s ranging from one cycle per year to about one cycle per hour,  whe reas most 

of the c ontribution to the variance of  Y n occurs at  higher fluctuation frequencie s ,  

g r eater than one cycle p e r  hou r .  Only the short-term variations u f  the wanted signal 

powe r wn and the unwanted signal power w 
un 

a s sociated with pha se interfe renc e  

fading a r e  u s e d  in dete rmining r 
( )

' the ratio o f  the median wanted signa l pow e r  
u r  g , 

w 
m 

to the median unwanted signa l  power w
um 

required to provide a specified grade 

of s e rvice g .  

power w
m 

+ 

wh e r e  

Let Run denote the ratio between the instantaneous wanted signal 

Y TT and the instantaneous unwanted signal power W 
urn + Y 

un' 

R 
uTI 

Y and R 
un u 

w 
m 

w 
urn 

( V .  1 0) 

(V . 1 1 ) 

Note that the cumulative distr ibution function y (q ,  K) for Y will usually be diffe r e nt fr om 
n T1' 

th e cumulative distribution function Y TT( q, K
u

) for Y 
u 

T1' s inc e the wanted signal pr opagation 

path will differ fr om the propagation path for the unwanted signal. Let Z > z (q, K, K ) 
T1' T1' u 

with pr obability q ;  then the appr oximate cumulative distribution function of Z
i 

is given by: . J 2 2 
Z n (q, K, K )  = ± Y ( q, K )  + Y ( 1 - q, K ) 

a u T1' 1T u ( V .  1 2 )  

In the a bove, the plus s ign is  t o  be used when q < 0 .  5 and the minus sign wh en q > 0 .  5 ;  note 

that - Z... ( 1 -q, K, K ) = Z (q,  K, K ) . This method of appr oximation is sugg e s ted by two ob-o oa u Tla u 
s e rvations : ( 1) s ervic e may be limited for a fraction q of a short period of time eithe r by 

downfades of the wanted s ignal c or r e s ponding to a level exceeded with a probability q or by . 

V - 1 5  



u p l .t d <' s , . ( a n  l l l tWd l l l c d  s i g thd ,· ,>r r e s ponding to 1.1 l<'v<' l  <'XC t' l'dl'd with a pr obability 1 -q ,  and 
( �l tlw s land;nd deviat ion of th<· differenc e of two uJKorr clated random variables Y nnd Y T'T u fT 
c(p t;t l 1'  tlw squa r e  l"lH>t of the sum of thdr varianc t• s, and W1dcr fairly general conditions Z� �q) 
is v e r y  near ly equal to Y; (q) + Y� Tl ( 1 - q ) ,  Equation ( V .  1 1) is baaed on the reasonable .ae• 
sumption that Y TI and Y u TI  are independent random var iables and, for thil case, (V . 1 1) 

would be exac t if Y rr and Y 
uTI were normally dis tributed . The depar ture from normality of 

the distribution of Yfl iS greates t  in the limiting case of a Rayleigh dis tribution, and for this 

spec ial case, the following exact expression is available [ Siddiqui, 1 9 62 ) :  

Z
rr

(q, ..,, oo) = lO log (� - 1) (V .  13)  

Table V . 2  compares the above exact expres sion Z1'T (q, "" •  oo ) with the approximate expres ­

sion ZTT (q,  "" •  oo ) .  Note that the two expressions differ by less than 0 . 2 dB for any value of 
q and, s illce  thi s diffe rence may be expected to be even smaller for finite values of K, it 

appears that (V . l Z )  should be a satisfactory approximation for most applications and for 

any value s of K and q. 

Table V .  2 

The Cumulative Distribution Function ZJ.q• "" , eo ) fot 
the Special Case of the Ratio of Two Rayleigh-Distributed Variables 

q 

0 . 000 1 

0. 0002 

0 . 0005 

0 . 00 1 

0 . 002 

0. 005 

0. 0 1  

0. 02 

0 . 05 

0. 1 

0. 2 

0 . 5 

�(q, oo ,  oo) 

db 

39 . 999 57 

36. 9 8883 

33 . 008 1 3  

29 . 99566  

26 . 9 8 1 0 1  

22 . 98853  

19 . 9 5635  

1 6 . 90 196  

1 2 . 78754 

9 . 54243 

6 . 02060 

0 

ZTI a( q, "'• ao) 

db 

40. 0 17 8  

3 7 .  0362 

33 . 0757 

30 . 1 099 

27. 1 2 16 

23 .  1 584 

20. 1 4.20 

1 7 . 0949 

12 . 9 7 1 9  

9 . 7 0 1 6  

6 .  1 3 3 1  

0 

z - z . 
1'r fla 

db 

.. Q. O l 8Z.3 

-0 . 04737 

-0 . 06757 

-0 .  1 1424 

-0. 14059 

-0 .  16987 

.o. 1 856.5 

-0.  1 9294 

-0.  1 8436 

-0. 1 59 1 7  

. o .  1 US{) 
0 

l� l ' 



Let R ·(g )  denote the require d value of R for non-fading wanted and unwanted 
uro u 

signals and it follows from ( V . l O )  that the instantaneous ratio for fading s ignala Will exce e d  

R ( g )  with a probability at least equal to q provided that: uro 

R > R (g, q, K, K ) = R (g) • Z (q, K, K ) u ur u uro \'T u ( V .  14) 

The use of ( V .  1 4) to dete rmine an allowance for phase inte rfe rence fading will almost 

always provide a larger allowance than will actually be ne ces sary since ( V .  1 4) was derived 

on the a s s umption that R ( g )  is constant. For most s e rvic e s ,  R (g) will not have a ·  uo . uo 
fixed v-alue for non-fading signals but will instead have either a probability distribution or a 

grade of s e rvice dis tribution; in such cases Rur ( g )  s hould be determined for a given q 

by a convolution of the distributions of R ( g )  and • Z . In s till other cases the mean uro TT 
duta.tion of the fading below the level Z (q, K, K ) will be c omparable to the mean duration '1'1 u 
of the individual mes sage elements and a different allowance s hould then be made . In s ome 

cas e s  it may be practical to determine R ur as a func tion of g, q, K, and Ku in the 

laboratory by generating wanted and unwanted signals that vary with time the same as Y IT 

and Y uft This latter procedure will be successful only to the extent that the fading s ignal 

generators properly simulate natural phase interference fading both as regards their ampli· 

tude distributions and their fading duration distributions . As this � ia intonded 

to deal only with gene r al definitions and procedures ,  functions applicable to particular kinds 

of wanted and unwant ed signals which include an appropriate phase interference 
fading allowanc e a r e  not developed here.  

The ratio R defined a s  an hourly median value equal to the diffe rence between u 
W (0 .  5) + Y and W (0.  S) + Y will also vary with tim e: m um u 

R - W Wum = W ( 0 .  5) � W ( 0 .  5 )  + z u m m urn 

Z • Y - Y  • u 

( V . l5) 

( V .  16)  

The random variabl e s  Y and Y u tend t o  b e  approximately normally distributed with a 

positive correlation coefficient p 'Whleh wUl vary considerably with the propagation paths 
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and the particular time block involved, For the usua l pe riod of all hours of the 

day for aeveral yeara preliminary analyses of data ind.icate that p will usually exceed 0 . 4 

even for propagation paths in opposite directions from the receiving point . Z will exceed a 

value Z (q) for a fraction of time q where the approximate cumulative distribution func -
a 

tion Z (q) of Z is given by 
a 

where the plus sign is to be used for q < 0. 5 and the minus sign for Q > O. 5 while 

( V .  1 7 )  

Za
( 0. 5 )  = o .  It follows from (V. 1 5) and ( V .  1 7) that R will exceed R (g) for at least 

u ur 
a fraction of time q provided that 

W {0. 5) � W (0, 5) > R (g) • Z (q) • 
m urn ur a 

( V .  1 8 )  

In s ome cases  i t  may b e  considered impractical t o  determine the function R
ur

( g) 

by adding an appropriate phase interference fading allowance to R
uro

( g ) ; in such cases it 

may be useful to use the following approximate relation which will ensure that the instantan­

e ous ratio R
u 

r? R
uro

( g )  for at least a fraction of time q 

W (0. 5) . W ( 0 .  5) > R (g )  ::1: f Z 
l.

(q ) + ZTl
l.

( q , K, Ku
) • 

m urn uro t..J a 
( V .  19 ) 

In the above , the minus s ign is to be use d  for q < 0. 5 and the plus s ign for q > 0. 5 . 

Although ( V . l9 ) ,  or .its e quivalent, has often l;i.een used in past allocation s tudies ,  this usage �· 
is deprecated since it does not provide a solution which is  as well adapted to the actual nature 

of the problem as the separation of the fading into its two components Y and Y and the 
, 

separate use of (V. l4 )  and ( V . l 8 ) .  Note that ( V . l 9 )  provides a fading allowance which is 

too small compared with that estimated using {V . 1 4) and (V . 1 8) separately. The latter 

formulas are recommended. They make more appropriate allowance for the fact that 

communications at particular time s of the day or for particular seasons of the year are 

e specially difficult. 
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V .  5 The Joint Effect of Several Sources of Interference  Pre sent Simultaneously 

The effects of interference from unwanted signals and from noise have s o  far been 

c onsidered in this report as though each affected the fidelity of reception of the wanted signal 

independently . Let w
mr

( g) and r ( g) w denote power levels which the wanted median 
ur urn 

s ignal power w mus t  exc eed in order to achieve a specified grade of service when eac h  
m 

source of interference i s  present alone. To the extent that the various sources of 

interference  have a character approximating that of white noise, this same grade of service 

may be expected from a wanted signal with median level 

when the se s ources  are pres ent simultaneously. 

An approximate method has been developed [ Norton, Star a s ,  and Blum, 19 52 ] for 

determining for a broadcasting service the distribution with time and receiving location of the 

ratio 

w t[w ( g ) + "\ r ( g ) w  ] m mr L ur urn 

Although this approach to the problem of adding the effects of interference will probably 

always provide a good upper bound to the interfe rence,  this assumption that the interference 

power is additive is often not s trictly valid . For example , when intelligible cross -talk from 

anothe r channel is present in the receiver output circuit, the addition of s ome white noise 

will actually reduce the nuisance value of this cros s -talk. 

Frequently, however ,  both w
mr

( g )  and wum 
will be found to vary more or les s  

independently over wide ranges with time and a good approximation to the percentage of time 

that objectionable interference is present at a particular receiving location may then be 

obtained [ Bars i s ,  et al,  196 1 ] by adding the percentage of time that w is les s  than 
·. m 

w (g) to the percentages of time that w is les s  than each of the values of r ( g) w mr m ur urn 
When this total time of inter ference is small, say le s s  than lOo/o, this will represent a 

satisfactory estimate of the joint influence of several s ources of interference which are 

present simultaneously . Thus , when the fading ranges of the various s ource s of interference 

are s ufficiently large so that tois latter method of analysis is applicable, the various values 

of wmr
( g )  and of r

ur
( g ) wum 

will have c omparable magnitudes for negligible percentages 

of the time so that one may, in effect, assume that the various s ources of interference occur 

es sentially independently in time . 

Minimum acceptable wanted-to-unwanted signal ratios r 
ur 

function of r 
m

' the available wanted s ignal-to-noise r atio . When 

may s ometimes be a 

r 
ur 

is within 3 db of 

r 
mr

' an unwanted s ignal may be treated the same as external noise ,  and, in a s imilar fashion, 

long-term distributions of available wanted -to-unwanted signal ratios may be dete rmined for 

each clas s  of unwanted s ignals for which r 
ur 

is nearly the same . 
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V .  6 The System Equation for Noise -Limited Se rvice' 
E s s ential dements o! a nois e - limited c ommunication c i r c uit arE' sumJllar i7.C'd in t.he 

following system equation, The transmitter output W ltdbw which will pr uvi<.IP W t 

dbw of total radiated powt• r in the pr esenc e  of transmis sion line and mntc hing network l o s A <' A  

L d b  and which will provide a median delivered signal at the pr e - detec tion r ec e iver output 
it • 

which is Rm db above the median noise power Wmn delivered to the pre-detection r e c eiver 

output is given by 

w,_ = L + L + R + (W - G ) dbw t 1 t m m mn ms 
,.,r ? n\ \ v • ..,....,, 

in the pre sence of a median transmis sion los s Lm and a median operating receiving s ystem 

signal gain Gms • 
The operating signal gain ilj the ratio of the power delivered to the pre­

detection r eceiver output to the power available at the terminals of an e quivalent los s - fr e e  

antenna. Let G0 be the maximum of aU value s of operating signal gain in the r eceive r pas s  

band, and G the median value for aU signal frequencies in the pas s band. ( W  - G ) ms mn ms 
in (V. 20) is the equivalent median noise power at the antenna terminals ,  as defined in section V. 3, 

It is appr opriate to expr e s s  the system equation (V. 20) in terms of the operating 

noise factor F defined by (V . 8), rather than in terms of W or (W - G ) in op mn mn ms 
order to separate studie s of receiving system characte ristics from studie s of propagation. 

For this reason all predicted power levels are referred to the terminals of an e quivalent 

los s -free antenna, and receiving system characteris tics such as F , G ,  G op o ms and 

B = 10 log b are separated from transmission los s and available power in the formulas . 

Rearranging te rms of (V.S), the �Quivalent median noise power (Wmn - GmJ deliver e d  

t o  the antenna terminals may b e  expr e s sed as 

W - G = F + (G • G ) + (B - 204) mn ms op o ms (V . 2 1)  

where G0 and Grns are usually nearly equal. Assuming that L1 t ' G0, Gms ' and B 

are c onstant, it is convenient to combine the se parameters into an arbitrary c on stant K : 0 

dbw (V. 22) 

and rewrite the system equation a s :  

W , t "' K  + L  + R  + F  
� o m m op dbw (V . 23) 

In general, if unwanted signals other than noise may be disregarded, s e rvice exists 

whenever Rm( q) exceeds Rmr( g ) ,  where Rm(q ) is the value o£ Rm exceede d a fraction q 
of all hour s .  With G and Wmn asswned constant, s o  that ms 
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licl'v it.e •: xl�>tli wh�n�tve r  Wm(r1 )  exr.eed11 W
m y

' or whcr..eve r Lm(q ) is les s  than the rnax-

ittWHl a i i i!WH.IJII• t n•t•llminNion j ,,ll ll Lm.c..(u)  . An ,,qui v:.l•,nt & tat•,mc nt may b•: made in t e rm s  
of thfl s y stem equat i o n .  The t ransmitt e r  pow" r W

l t
( q )  which will provide for a fraction q 

of all hou r s  at least the grade g service defined by the requi red s ignal�to�noise ratio 

R (g)  is  
mr 

W,
t
(q ) = K + L  (q ) + F  + R  ( g )  "' o m op mr (V. 2 5) 

where Lm
(q ) is the hourly median transmission loss not exceeded for a fraction q of all 

hours. 

For a fixed transmitter power W 0 dbw, the signal-to-noise ratio exceeded q percent 

of all hour s is 

R ( q) = W - K - F - L (q)  m o o op m 
db (V . 26) 

for a 11median11 propagation path for which the service p�obability, Q ,  is by definition equal to 0 .  5.  

The maximum allowable transmission los s 

L (g)  = W - K - F - R ( g )  m o  o o op mr (V. 2 7) 

is set equal to the loss L (q,  Q) exceeded during a fraction (1 - q) of all hours with a probability m 
Q. This value is fixed when P 0, K0 , and Rmr( g )  have been determined, and for each 

time availability q there is a c orresponding service probability, Q(q) .  Section V. 9 will 

explain how to calculate Q(q ) .  

When external noise is both variable and not negligible, the long-term variability of 

F must be considered, and the following relationships may be used to satisfy the condition op 

R (q ) IE R  ( O. S ) + Y  (q) m m m 

R m (0 .  5) lil W - K -F (0 . 5) - L (0 . 5 ) 
o o op m 

Y(q) = Lm ( 0 .  5) - Lm (q), Y (q) = F (q)  - F ( 0. 5) n op op 

where ptn is the long -term correlation between W and F Though ptn could m op 
theoretically have any value between - 1 and 1 ,  it is usually zero. 

V - Z l  

(V. 28) 

(V . 29) 

( V. 30) 

(V. 3 1) 

(V. 3 l) 



V. 7 The Time Availability of Inte rferenc e - Limited Service 

Let ptu denote the long -te rm c orrelation between W 
m 

and W
um

' the power ex­

pected to be available at least q pe rcent of 11 l l  hour A at tho te rminals of an equiv;tlent los s -

free re ,· eiving antenna from wanted and unwante d stations radiating 

respe ctively : 

W0 = 10 log w0 
dbw , Wu = 10 log wu dbw 

w 
0 

and w 
u 

watts , 

(V , 33)  

(V.  3 4) 

The criterion for se rvice of at least grade g in the presence of a single unwanted s ignal and 

in the absence of other unwanted signals or appreciable noise is 

where 

R (q) = R ( 0 .  5) + Y (q) 
u u R 

Ru { 0 . 5) ;;, Wm(0. 5) - Wum(O. S) 

2 2 2 
y R ( q )  � y (q )  + yu ( 1 - q) - 2 Ptu 

Y(q) yu ( 1 - q) 

Y (q) = W (q) - W (0 . 5) }- L (0 . 5) • L (q) u urn urn urn urn 

{ V .  3 5) 

( V .  3 7) 

( V .  38) 

( V . 3 9) 

If Wm' W , and F were exactly ·�
. 
�1-mally distributed ,  ( V .  3 1) and ( V ,  3 8) would be 

urn op 
exact; they represent excellent approximations in practic e .  
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V ,  8 The Estimation of Prediction Errors 

C onsider the calculation of the power W (q) available at the terminals of an equiva-
m 

lent los s -free receiving antenna during a frac tion q of all hour s .  W m 
(q) refers  to hourly median 

values expressed in dbw . For a specific propagation path it is calculated in accordance with 
the methods given in sections 2 - 10 using a given set  of path parameters  (d, f, a, hte' etc , ) ,  De­

note by W mo(q) observations made over a large number of randomly different propagation paths, 

which,however ,can all be characterized by the same set of prediction parameter s .  Values of 
W (q) will be very nearly normally distributed with a mean (and median) equal to W ( q) , mo m 
and a variance denoted by c/ ( q). This path- to-path variability is illustrated in Fig. V .  6 for c 
a hypothetical situation which as sumes a random dis tribution of all parameters which are not 

taken into acc ount in the prediction method. 
The variance cr2 of deviations of observation from prediction depends on available c 

data and the predic tion method itse lf. The most sophis ticated of the methods given in this re-

port for predic ting trartsmission loss as  a function of  carder frequency, c limate, time block, 
antenna gains, and path geometry have been adjusted to show no bias, on the average, for the 

data discussed in section 10 and in annex I. 
Most of these data are concentrated in the 40 - 1000 MHz frequency range, and were 

obtained primarily for transhorizon paths in c limates 1 ,  2, and 3. Normally, one antenna was 

on the order of 10  meters above ground and the other one was higher, near 200 meters ,  Even 
· the low rece iving antennas were located on high ground or in clear areas well removed from 

hills and terrain clutte r .  Few of  the data were obtained with narrow-beam antennas .  An  at­
tempt has been made to estimate cumulative distributions of hourly transmission los s medians 

for accu ra tely s pccified time bloc ks, including es timates of year -to-year variability. 

A pr<'dic tion for some situation that is adequately charac terized by the prediction 
parameters  chosen here require s  only interpolation between values of these  parameters  for 

which data are available, In such a case, crc(q) represents the standard er ror of predic tion, 
The mean square  error of prediction, referred to a situation for which data are not available, is 

l 
cr c (q l  plus the square of the bias of the prediction method relative to the new situation. 

Based on an analysis of pre sently available transhorizon transmission loss data, the 

variance 2 cr ( q) is estimated a·s c 
2 2 crc ( q) = 1 2 . 73 + 0 .  1 2  Y (q) (V . 40) 

2 where  Y ( q) is defined in section 10 .  Since Y (0 . 5)= 0, the variance cr c( O .  5) of the difference 
2 between observed and predicted long-term medians is 1 2 .  73 db , with a corr�sponding stand-

ard deviation crc (0 . 5 )  = 3. 57 db. 
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It is occasionally very difficult to e stimate the prediction e r ror ff c(q) and the 
service probability Q .  Where only a small amount of data is available the re is no adequate 
way of e s timating the bias of a pre diction. One may, however ,  as sign weights to the curves 
of V( O .  5, d6 ) in figure 1 0 . 1 3  for climates l - 7  bas e d  on the amount of supporting data avail­

able: 

Climate Number 
l 

z 
3 
4 

5 
6 
7 

Weight 

300 
lZO 

6 0  

z 
(deleted) 

5 
5 

As an example0 for d = 6 00 km ,  the average V(O. 5, d ) weighted in accordance with the above e e 
is 0 .  l db , and the corresponding climate -to -climate variance of V(O. 5) is 3; l db Z . If a 
random sampling of thes e  climates is de s ired the pre dicted median value L(O,  5) is L -

.l cr 
V(O. 5) = L - 0. 1 db , with a standard e rror of prediction equal to ( lZ .  7 + 3. l ) a  = 4 db , cr l. , 

where l Z .  7 db is the variance of V(O .  5) within any given climate . 
If ther e  is doubt as to which of two particular climates i and s hould be chosen, the 

bes t  prediction of L. (q) might depend on the average of v1(o. 5, d ) and V .(0. 5, d ) and the � e J e 
root-mean square of Y1(q, d8 ) and Yj(q, d8 ) 1  

L(q) = L - 0 . 5[V. (0 . 5, d ) + V .(0 . 5, d  > ] . Y ,(q, d ) db , cr l e J e _ iJ e [ z z Jt Y . .  ( q, d ) = 0 . 5 Y . (q, d ) + 0 . 5 Y . (q, d )  lJ e 1 e J e db 

( V .  4 1) 

( V . 4Z) 

The bias of this prediction may be as large as [o. 5 v1(0 .  5, de ) - Vj( O .  S, de )] db . The 

root-mean s quare prediction error may therefore be e stimated a.s the s quare root o£ the sum of 
the variance ,  ff 2 ( 0 . 5) and the square of the bias , or 

c 
1 

{1 z . 73 + O . l.Z Y�/q, de) +  O . Z 5[ Vi( O .  5, de) - V} O ·  5, de]r· db . 

According to figure 10. 1 3, V(O .  5a de ) is expected to be the same for climate s l and 8, 
This conclusion and the e etimate for Y(q, de ) shown in figure m. Z9 for climate 8 are based 
s olely on meteorological data. In order to obtain the s e  e s timate s ,  the percentage s  o£ time for 
which surface -based ducts existed in the two regions were matched with the same value o£ 
Y(q, de ) for both climate s .  In this way, Y8(q, de ) was derived from Y 1 (q, de ) by relating q8 
to q1 for a given Y inatea.d of relating Y 8 to Y 1 for a given q .  

, ,  



V .  9 The Calculation of Service Probability Q for a Given Time Availability q 

For noise-limited service of at least grade g and time availability q ,  the ser ­

vic e probability Q is the probability that 

L
m0

( g) - L
m( q) > 0 (V . 43) 

if external noise is negligible . L
m0

( g) is defined by (V. 2 7) . The criterion for service 

limited by variable external noise is 

R (q) - R ( g ) > 0 (from equation V , 28) • 
m mr 

For service limited only by interfe rence from a s ingle unwanted s ignal, 

R
u

(q) - R
ur

(g., q) > 0 ( from equation V. 3 5) • 

Combining ( V . 22) and (V . 2 7) ,  ( V . 43) may be rewritten as 

(V. 44) 

whe r e  the terms are defined in (V, 8) and section V . 6 .  Assuming that the error of e s timation 

of the e e  terms from system to system is negligible except for the path-to-path varianc e </(q) 
c 

of L ( q) it is convenient to repr esent the servic e probability Q as a function of the s tandard 
m 

normal deviate z 
mo 

z 
mo 

which has a mean of ze ro and a variance of unity. L 
mo 

(V.  45) 

is identified as the transmission 

loss exceeded a fraction ( 1 -q) of the time with a probability Q ,  whic h is expr e s sed in terms 

of the er ror function as 

Q( z ) = t + t erf (z  /..rG) • mo mo 

Figure V .  7 is a graph of Q versus z
mo 

For the method described her e ,  the condition 

(V.  46) 

(V . 47) 

is s ufficient to insure that the s ervice probability Q increases as the time availability q 

is de creased. A les s  restrictive c ondition is 

Y(q) ( L - L (0 . 5) ] < 10 6  db
z 

mo m 
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An example is shown in figure V .  8 , with q ve r s us Q for r adiated powe rs W = 30 dbw 
0 

and W 0 = 40 dbw , and L
m

( q ,  Q) = W 0 + 1 40 db . Here,  

[L
m

( q) - l 40j • 

q = 0 .  5 + 0 .  5 e r f  
10 ,['[ 

( V .  49) 

c o r r e s ponding to a nor mal distr ibution with a mean L
m

( O . 5) = 1 40 db and a s tandard deviation 

Y(O . 1 58) = 10 db . [ N ote that L ( q) v e r s us q as e stimated by the methods of s e c tion 10 is 
m 

usually not normally d i s tr ibuted] . 

To obtain the time availability v e r sus s e r v i c e  pr obability curves on figur e V .  8, L
m

( q) 
2 

was obtained fr om q ,  Y ( q) fr om ( V. 4) , o-
c

( q) fr om ( V . 40) , z
mo 

fr om ( V. 4 5) ,  and Q from 

figure V. 7. This same m e thod of calc ulation may be used when the r e  are additional s ourc e s  of 

pr ediction e r r or by adding varianc e s  to rr
2

( q) . Examining possible trade- offs between time 
c 

availability and s e r v i c e  pr obability shown in figur e V .  8, note the inc r e ase f r om q = 0 .  9 6 5  to 

q = O. 9 9 3 for Q = 0 ,  9 5, or the inc r e a s e  from Q = 0 .  7 8  to Q = 0 .. 9 7  for q = 0, 9 9 , a s  the 

radiated p ow e r  is inc r e as e d  from one to ten kilowatts . 

F or the c a s e  of s e rvic e limited by exter nal noise ( V .  28) to (V .  30 ) may be rewritten a s  

W - K  - F  ( 0 . 5) - L  ( 0 . 5) + Y  ( q) - R ( g) > O •  
o o op m m mr 

( V .  50) 

One may ignor e any e r r or of e s timation of W 0 ,  K , and R . ( g) as negligible and a s sume no 
o m r  

2 
path-to- path c o r r e lation between F ( 0 .  5) and L ( 0 .  5) . The variance· a- ( q) of F ( 0 .  5) + op m op 

2 
op 

L
m

( O .  5) - Y
m

( q) in ( V .  50) may then be wr itten a s  a sum of c omponent varianc e s  o-F and 

rr
z

( q) : 
c 

2 
(T ( q) 

op 
a-� + 1 2 . 7 3  + 0 .  1 2  Y�( q) db

2 
• ( V .  5 1) 

V e r y  little is known about value s for the varianc e 
2 

2 
o-

F 
of F ( 0 . 5) , but is is pr obably on the 

op 
order of 20 db . 

The c or r e s ponding s tandar d normal deviate z i s : 
op 

z 
op 

R m( q) - R mr ( g) 

rr op( q) 

and the s e rvice pr obability Q(q) is given by ( V . 4 6) with z r eplac ed by z 
mo op 

( V .  52) 

The r e s tric -

tion ( V .  47) s till holds with z and a- r e placed by z and a- A l e s s  r e s tr i c tion c on -roo c op op 
clition equivalent to ( V .  48) c an be s tated only if a specific value of <rF is a s s umed. 
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For the case of service limited only by interference from a single unwanted radio 

signal ( V .  3 5) to ( V .  39) may be rewritten as 

L (0 . 5) - L (0 . 5) + Y
R

( q) - R ( g, q) > 0 • 
urn m ur 

(V .  53) 

Let p denote the normalized correlation or covariance between path-to-path variations of 
i u  2 2 W (0 . 5) and W ( 0 .  S) . Then asauming a varianc e of 2 5. 5( 1 - p1 ) + 0 . 1 2  YR( q) db for 

m urn 2 u 
R ( q) , given by the fir s t  three terms of ( V . 53) and a variance IT for the estimate of R

ur
(g,  q) , 

u ur 
the total variance IT 

2
( q) of any e s timate of the service c riterion given by ( V .  53) may be written 

uc 
as 

( V .  54) 

where 
2 

YR
( q) is given by ( V .  38) . The corresponding standard normal deviate z 

uc 
is : 

( V .  55) 

and the service probability Q(q) is given by ( V .  46) with z
mo 

replac ed by z
uc . The variance 

IT 
2 

may range from 10 db
2 

to ver y  much higher value s .  The restrictions ( V .  47) and ( V .  48) 
ur 

apply with z 
2 m.o 

1 2 1 2  + IT ) dbz 
• 

ur 

and IT replaced by z and IT and with 106 db in ( V .  48) replac ed by 
c uc uc 
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V. 1 0  Opt i mum Use of t : ,,. Had i u  1'1"1'<111<' 1\C y Spc <; t r l l l l l  

T h e  bHH iness uf the telecommuni c a t ions e ng l n <l e r  l s  to duvelop u fl'ic k n t. radio t< y s t�, 1 1 1 s ,  

and tl llJ prine ipal tool f o r  improv ing e ffic ieney is to adj u R t  t he va r io11H llB. L'amutors t o  i. l l lJ i t• 
optitnum value s .  For example , i t  i s  usually n1ore e c onomieal t o  use l ow e r  o ffe c tive radiated 

powe r s  from the transmitting systems by redudng the ope rating sensitivitie s of the r e -

ce iving s y s tems . Receiving system s e n s itivitie s c an b e  reduced by (a ) re ducing the level. of 

internally generated nois e ,  (b) using antenna dir e c tivity to reduce t':e e ffe cts of external nois e ,  

(c ) reducinp, man-made noise levels b y  u s inp, supp r e s s o r s  on noise p,en e rators s uch a s  i g ­

nition systems, r e lays , power transmission s ystems , e tc . , and ( d )  u s in g  space o r  time di­

vers ity and codin g .  The use of more spectrum in a wide band FM sys te m  or in a fre quency 

diver s ity s ys te m  can a l s o  reduce the r e c e iving s y s te m  operating sens itivity as well as re -

duce the acceptance ratios against unwanted s ignals other than nois e .  
Unfortunately, unlike othe r natural r e s our c e s  s uch a s  land, mine ral s ,  oil, and 

wate r ,  the r e  is currently no valid method for placing a mone tary value on e ach hertz of the 

radio spectrum. Thus , in the absence of a common unit of exchang e ,  the s e  tradeoffs are 

often made unrealistically at the present time . It is now gene rally r e c ognize d that the u s e  of 

large capac ity compute r s  is e s sential for optimizing the a s s ignment of frequencie s to various 

c l as s e s  of s e rvice including the development of optimum c hanne lization s c heme s .  Typical 

inputs to such compute r s  are : 

1 .  Nominal frequency a s s ignments . 

Z .  Trans mitting s ystem loc ations ,  including the antenna heights . 

3 .  Trans mitting system signatur e s ;  i . e . , the radiated e mis s ion spectrum charac-

te r i s ti c s  inc luding any spurious emis s ion spectrums . 

4 .  Trans mitting antenna characteristic s .  

5 .  Rece iving system locations , including the antenna heights . 

6 .  Spurious emi s s ion s pectrums o f  the r e c e iving systems . 

7 .  Ope rating sens itivitie s of the r e c e iving s y s tems in their actual environments 

which thus make appropriate allowance for the effects of both man-made and 

natural nois e .  

8 .  Re quire d  values of wante d-to-unwanted phase inte rference median s ignal powers 

for all unwanted s ignals which c ould potentially cause har mful inte rference to 

the wanted s ignal; these acceptance ratios include appropriate allowance s  for 

re ductions in the e ffects of fading achieved by the use of dive r s ity reception and 

coding . 
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9 .  Long -term me dian reference values of basic transmission los s and. path antenna 

gain for the wanted path and all of the unwanted signal propagation paths ; the s e  

path antenna gains include allowance s  for antenna orientation, polarization, and 

multi path phase mismatch coupling los s e s .  

1 0 .  Distributions with time o f  the transmission loss for the wanted s ignal path and 

all of the tmwanted s ignal paths . 
1 1 .  C orrelations between the transmiss ion los s e s  on the wanted and on each of the 

unwanted propagation paths . 

1 2 . Transmission line and antenna circuit los s e s. 

1 3 . The spurious emission s pe c trum of any unwanted s ignals arising from unli­

censed s ources such as diathermy machine s ,  e le ctronic heate r s ,  welde r s ,  

garage door opene r s ,  etc.  

14.  Assigned hours of operation of each wanted and each unwanted e mis sion . 

The output of the compute r indicate s simply the identity and nature of the cas e s  of harmful 

inter fe rence enc ounte red. Harmful interfe rence is defined as a failure to achieve the speci­

fied grade of s e rvi c e  for mor e than the required frac tion of time during the assigned hour s 

of operation. Changing s ome of the inputs to the computer,  an iterative proce s s  can be 

defined which may lead to an assignment plan with no cas e s  of harmful interferenc e .  

It i s  assumed that a given band of radio frequencies has been assigned to the kind of 

radio service w1de r consideration and that the nature of the s ervices  occupying the adjacent 

rn,quency bilndH is als o known. Furthermore , it is as s umed that the geographical locations 

of e;u · h  of t h e  transmitting and receiving antennas are s pecified in advance ,  togethe r with the 

rel ative value s of the r adiated powers from each trans mitting antenna and the widths and 

spacings of the radio freque!lcy channels . In the case of a broadcasting s e rvice the speci­

fication of the intended receiving locations can be in terms of proposed s e rvice areas . With 

this informp.tion given, us e  may be made of the following procedures  in order to achieve 

optimum use of the spe ctrum by this particular se rvice : 

(a)  The system loss for each of the wanted signal propagation paths should be mini­

mized and for each of the unwanted s ignal pr opagation paths should be maximized; 

this may be acc omplis hed by maximizing the path antenna power gains for e ach of the 

wanted signal propagation paths,  minimizing the path antenna gains for each of the 

unwanted pr opagation paths,  and in exceptional cas e s ,  by appropriate antenna s iting . 

The path antenna gains for the unwanted s ignal propagation paths may be minimized 
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by the use of high-gain trans mitting and receiving antennas with optimum s ide lobe 

suppres s ion and front-to-back ratios and, in s ome cas e s ,  by the use of alternate 

polarizations for geographically adjacent stations or by appropriate s hielding . 

(b) The required protection ratios r ( g )  s hould be minimized by ( 1 )  appropriate ur 
radio syste m  design, ( 2 ) the use of stable trans mitting and receiving oscillator s ,  

( 3) the u s e  o f  linear transmitting and receiving equipment, (4)  the use o f  wanted 

and unwante d s ignal ·propagation paths having the minimum practicable phase inter ­

ference fading range s ;  from band 6 to band 9 ( 0 .  3 t o  3000 MHz) , minimum phase in­

terference fading may be achieved by the use of the maximum prac ticable transmitting 

and r e c eiving antenna heights, and ( 5) the use of s pac e diver sity, time diver sity, and 

c oding . 

( c )  Wanted signal propagation paths should be e mployed having the minimum practi­

cable long-term powe r fading range s .  In bands 8 and 9,  minimum fading may be 

achieved by the use of the maximum practic able trans mitting and rec eiving antenna 

heights . 

The above procedur e s  s hould be carried out with various choices of transmitting and re ceiv ­

ing locations , relative transmitter powe r s ,  and channel spacings until a plan is developed 

which provides the required s e rvice with a minimum total spectrum usage . Afte r the un­

wanted s ignal interference has been suppr e s s ed to the maximum practicable extent by the 

above methods so that, at each receiving location each of the value s of ru exceeds the 

corresponding protection ratio rur( g )  for a sufficiently large percentage of the time , then 

the following additional procedures should be adopted in orde r to e s sentially eliminate inte r ­

ference from noise : 

(d)  The s y s tem loss on each of the wanted signal propagation paths s hould be mini­

mized; this may be accomplished by ( 1 )  the use of the highes t  practicable transmit­

ting and receiving antenna heights in bands 8 and 9 ,  and ( 2 )  maximizing the path 

antenna power gains for each of the wante d signal propagation paths . The path antenna 

power gains of the wanted s ignal propagation paths may be maximized by using the 

maximum practicable transmitting and receiving antenna gains and by minimizing the 

antenna circuit and polarization coupling lps se s .  The minimization of the system 

los s on each of the wanted s ignal propagation paths will already have been achieved to 

a large extent in c onnection with procedur e s  (a), (b),  and (c) above . 
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(e)  In general, receiving systems should be employed which have the lowest practi­

cable values of operating sensitivity w
mr

(g) . 

(f) Finally, sufficiently high transmitter powers should be used [ keeping the relative 

powers at the optimum relative valueD determined by procedures (a), (b), and (c) ] 

so that the wanted signal power w
m 

will exceed the operating sensitivity wmr
(g) 

for a sufficiently large fraction of the time during the intended period of operation 

at every receiving location. 

Although it might at first seem impracticable, serious consideration should be given to the 
use of auxiliary channels from wanted receivers to wanted transmitters .  The provision of 

such channels might well be feasible in those cases where two-way transmissions are in­

volved and might lead to important economies in both power and spectrum occupancy 

[ Hitchcock and Morris , 19 6 1 ] .  

Ultimately, when optimum use of the spectrum has been achieved, it will not be possi­

ble to find a single receiving location at which radio noise rather than either wanted or 

unwanted signals can be observed for a large percentage of the time throughout the usable 

portions of the radio spectrum not devoted to the study of radio noise sources, as is the radio 

astronomy service . Although everyone will agree that the attainment of this ideal goal of 

interference -free spectrum usage by the maximum number of simultaneous users can be 

achieved only over a very long period of time because of the large investments in radio 

systems currently in operation, nevertheless  it seems desirable to have a clear statement of 

the procedures which should be employed in the future in order to move in the direction of 

meeting this ultimately desirable goal whenever appropriate opportunities arise .  
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V .  II Supplementary l . l s l  of Sy mlwle for Ann"" V 
Efff' c t ivt• bandwidth, b ,  of a re,·dvt" l" in c yc les per s c e ond, 1\ " 10 log b tled btd s ,  
( V .  7 )  and (V . 8) .  
Operating noise factor of the pre-detection receiving system, F 1 0  log f db, op op 
( V .  7) and ( V , 8) 

Grade of servic e .  A specified grade of service provided b y  a given signal will 

guarantee a corresponding degree of fidelity of the information delivered to the r e ­
ceiver output, 
The maximum value of the operating gain of a pre -detection receiving system, 
G0 = 10 log g0 db , ( V .  7) and ( V . 8) .  

The hour ly median operating signal gain of a pre-detection r eceiving system, 

Gms = 10 log gms db , ( V . 9) .  

Boltzmann' s c onstant, k = 1 .  380 54 x 1 0 - 2 3  joule s per degree, ( V .  7) . 
Johnson' s noise power that would be available in the bandwidth b cycles per second 

at a reference absolute temperature T 0 = 288 . 37 degrees Kelvin, ( V .  7) . 
The decibel ratio of the amplitude of the c ons tant or power-fading component of a 

received signal relative to the root-sum-square value of the amplitudes of the 
Rayleigh components, figure V .  1 .  

An arbitrary constant that c ombines several parameters  in the systems equat ion, 

( V . 2 2) . 
Transmission line and matching network losses at the transmitter, ( V .  20) . 

Hourly median transmission loss ,  ( V .  20) . 

Hourly median transmission loss not exceeded for a fraction q of all hours, or 

exceeded ( 1 -q) of all hours, ( V .  2 5) . 
Hourly median transmis sion los s exceeded for a fraction (. 1 -q) of all hour s with 

a probability Q , section V. 6 .  
Median value of L ( q) , ( V .  2) . m 
Maximum allowable hourly median transmis sion los s  for a grade g of service, 

( V . 2 7) . 
Observed value s of transmission los s not exceeded a frac tion q of the recording 

pe riod, ( V .  5) . 
Hourly median transmission loss of unwanted signal not exceeded for a frac tion q 
of all hour s, ( V .  3 3) .  

Long- term median value of Lum( q) , ( V .  39) . 
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L 
Tf 

L ( q) 
1T 

L (0 . 1 )  
Tf 

q 

q l .  q8 
Q 

Q ( q) 

Q( z ) rno 

r R m n1 

r , R n1 r mr 

r , R 
u u 

r , R u r n r  

T r an s mi s s ion los s a s s ociated with the " in s tantane ou s "  pow e r  W , ( V .  6) and 
1T 

fig u r e  V .  2 .  

T r a n s mis s i o n  los s L not excet·ded a f r a c tion q of th<' t im e .  
1T 

The inte rdec ile r ange L ( 0 .  9) - L ( 0 .  1) of value s of tra nsmis s ion los s a s s o-
'11' '11' 

c ia ted with the "ins tantaneous" pOWl'r W , figur e V .  2 .  
1T 

Time availabili!Y ·  

Time availability i n  c limates 1 and 8 ,  s e c tion V . 8 .  

Service pr obability, dis c u s s e d  in s e c tion V � 8 .  

The pr obability Q of obtaining s atis fac tor y s e rvic e for a fr a c tion of time q ,  fig u r e  

v. 6 .  
S e r vic e p r o bability Q exp r e s s ed in te r m s  o f  the e r r or function of zmo , ( V .  46) , 

figure V .  5 .  

Ratio of the hourly median wanted signal power.  to the hourly median ope r a ting noi s e  

powe r ,  R m = 1 0  l o g  r m db , ( V .  9) . 

A s pe c ified value of r m which mus t be exce eded for at le a s t  a s·pec ified f r a c tion 

of time t o  p r ovide satisfactory s e rvic e in the pr e se n c e  of noise a lone, 

l O log r m r db , ( V . 9) .  

R mr 

R atio of hourly median wanted to unwanted signal powe r available at the r e c e iv e r ,  

H u = 1 0  log ru db , ( V . l4) . 

A spe cified value of r u which must be exceeded for at lea s t  a s pe cified f r a c tion 

of time to pr ovide satisfactory s e rvice in the p r e s e n c e  of a s ingle unwanted s i gnal, 

H. ur = 1 0 l og ru r  db , ( V . l4) . 

,. ( g) ,  1\ ( g) The minimum acc'eptable s ignal to noise r atio which will p r ovide s e rvice of 
n 1 r 1nr 

a given g r ad(' g in the abs ence of unwanted signals othe r than rroi s e ,  H ( g) = m r  
1 0  l o g  r

111r ( g) db , ( V . 9) .  

r ( g) ,  R ( g) The pr otec tion ratio r r equired to p r ovide a s pe c ified g r ade of s e r vice g ,  u r  u r  u r  

R ( q) m 
R ( 0 . 5) 

n1 
R ( q) 

u 
R ( 0 . 5) u 
R ur ( g ,  q) 

R ur ( g) = 1 0 log r ( g) db , s e c tions V .  4 and V .  5 .  ur . 
The value of R m exc e e ded at leas t a frac tion q of the time, ( V .  24) . 

The median value of R , ( V .  29) . m 
A s pe c ifie d  value of R u exc e eded at lea s t  a frac tion q of the time, ( V .  3 6) . 

The m e dian value of Ru , ( V .  3 6) . 

The r e quired r a tio Rur to pr ovide s e rvic e  of g r ade g for at leas t a f r ac tion q 

of the time ,  ( V .  3 5) . 
The r eq uired r a ti o R ur for non- fading wanted and unwant.,d signals ,  ( V .  1 4 ) .  

The ratio b e tw e e n  the ins tantane ous wanted and unwa nted s ign a l  powe r s ,  ( V .  1 0 ) . 

R e fe r e n c e  abs olute temp e r atur e  T 0 = 288 . 37 degr e e s  K d v in, ( V .  7) . 

A par ameter u s e d  to adju s t  the pr edicted r e fe r e n c e  me dian for variou s  c limatic 

r e g ions or per iods of time , s e c tion V. 8 and s e c tion 1 0 ,  v olume I .  
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v . ( 0 . 5, d ) • v . ( 0 . 5, d ) 1 e J e 
The parameter  V (O ,  5, d

e) for e ;" '-h  of two c limates repres ented by 

w • w 
m m 

w • w mn mn 

the subscripts i and j ,  ( V . 4 1) . 

The median wanted s ignal power available at a receiver ,  W 
m 

( V .  1) . 
The median value of the total noise power is  

(V.  7) and ( V . 8) .  

w watts, W 
mn mn 

10 log w dbw, 
m 

10 log w 
mn 

dbw, 

w , W Operating thre shold, the median wanted s ignal power requir ed for satisfactor y 
mr mr 

w . w 0 0 

wt' 
w 

t 
w . w 

u u 

w • w 
urn urn 

w • w 
urr urr 

w , W  
1T 1T 

Wm( O .  5} 

w mo( q} 

w mr( g} 

wum( q} 

w (0 . 5} urn 
w ( q} 

1T 

service in the presence of noise ,  W mr = 1 0  log w 
mr 

dbw , ( V .  9} . 

A fixed value of transmitter output power w 0 in watts, W 0 10 log w0 dbw , ( V .  26} . 

Total radiated power in watts and in dbw, section V .  6 .  

Power radiated fr om an unwanted or interfering station, w watts,  u 
w 

u 
10 log w

u 
dbw , ( V . 3 3) .  

Median unwanted s ignal power 

( V .  34) . . 
w in watts, 

urn w 
urn 

10  log 
"'wn 

dbw, ( V . 3 3} and 

Unwanted signal power associated with pha se interferenc e  fading, w in watts ,  
U1T  

W U1T = 1 0  log w 
U

'!T dbw, section V .  4 .  

W anted signal power a s s ociated with phas e  interference fading, w i s  defined a s  
1T 

the average power for a single cyc le of the r adio frequenc y, W = 10 log w dbw , 

(V . 1 } . 

Transmitter output power ,  ( V .  20} . 

1T 1T 

Transmitter power that will provide at least g rade g servic e for a fraction q of 

all hour s ,  ( V . 2 5) .  

The hour ly median wanted signal power exceeded for a fraction q of all hour s ,  

( V .  24} . 

Long-term median value of W m , ( V .  2} . 

Obs erved value s of W m(q) made over  a large number of paths which can be c ha r ­

acte rized by the same s e t  of predic tion parameters ,  sec tion V . 8 .  

The opera ting thr eshold of a receiving sys tem,  defined a s  the minimum valut' of 
W m required to provide a grade of s ervice g in the presence of noise alone, ( V .  9} . 

The hourly median unwanted signal power W 
urn 

expected to be available at least 

a frac tion q of all hour s ,  ( V .  3 3} .  

The median value of W ( q) ,  ( V .  3 7} . urn 
The "ins tantaneous" power W

" 
exc eeded for a frac tion of time q ,  ( V .  6) . 

W
r
r ( O . l ) , W

1T
( 0 . 9) The inter dec ile range W

.,.
( O . l} - W

rr
( 0 . 9} of the power W

1T
(q) , equiva -

y 

y u 

lent to the interdec ile range of short te rm transn•is sion los s shown on figure V .  2 .  

A symbol used to describe long -term fading, ( V . 1 }  and ( V .  3} . 

Long-term fading of an unwanted s ignal, ( V .  1 6} .  
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'" \ 

y 
U1T 

y 
1T 

Y (q) 

Y ( O .  5) 

Phas e  interference c omponent of the total fading of an unwanted signal, ( V . 10) . 

Phase inte rfe r ence fading c omponent for a wanted signal, ( V .  10} . 

L ong- term variability Y for a given frac tion of hourly medians q , defined by 

(V . 4) ,  

The median value of Y ,  which by definition ia zero, 

Y . (q, d ) , Y .(q,  d ) 
1 e J e 

Values of Y for c limate s i and j ,  ( V .  4 1) and ( V .  4 2) .  

Y . . ( q, d ) The r oot-mean- squar e value of the variability for two c limate s,  ( V .  42) , lJ e 

Yn
(q) 

Y
R

(q) 

y (q) u 
y ( q) 

UTI' 

Lon g - term var iability in the pres en�e of variable external noise, ( V .  3 1) ,  
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