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SEC TIO N  4 /9 A: S H A R IN G  C O N D IT IO N S

Recommendations and Reports

Rec. 355-3 1

R E C O M M E N D A T IO N  355-3

FREQUENCY SHARING BETWEEN SYSTEM S IN THE FIXED-SATELLITE SERVICE 
AND TERRESTRIAL RADIO SERVICES IN THE SAM E FREQUENCY BANDS

(Question 2 /4 )

(1963-1966-1974-1982)
The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and terrestrial radio services share certain bands above 1 G H z;

(b) tha t control o f m utual interference between stations o f the two services is necessary;

(c) that the continued developm ent o f both services is desirable;

(d) that it is necessary to restrict the noise contribution , in a telephone channel o f either service, caused by
interference from  stations o f the other, to perm issibly small am ounts;

(e) that am ong the m eans for reducing, to perm issible levels, interference between systems in the fixed-satellite 
service and terrestrial radio systems sharing the same frequency bands are:

— on the part o f satellite space stations, lim itation o f the power flux per unit area in un it bandw idth  produced 
at the surface o f the Earth;

— on the part o f com m unication-satellite earth  stations, lim itation o f the m inim um  distance to terrestrial 
transm itters, appropriate  to the technical characteristics concerned and  to p ropagation  factors, together with 
lim itation o f the m axim um  power radiated  at low angles o f elevation;

— on the part o f stations in the terrestrial services, lim itation o f the distance to earth  stations, appropria te  to the 
technical characteristics concerned and to propagation  factors, together with lim itation o f the total em itted 
pow er and the equivalent isotropically radiated  pow er;

( f )  that the application  of reasonable constraints on the design o f both line-of-sight radio-relay systems and 
systems in the fixed-satellite service can perm it the sharing o f frequency bands, bu t that considerable difficulties 
may arise in sharing frequency bands with other terrestrial services which involve high pow er transm itters, highly 
sensitive receivers, and changing areas o f coverage,

U N A N IM O U S L Y  R E C O M M E N D S

1. that, in sharing between line-of-sight analogue angle-m odulated radio-relay systems and systems in the 
fixed-satellite service, the noise in a telephone channel arising from m utual interference should be lim ited to a 
perm issibly small am ount, com pared to the total allow able noise in the appropria te  hypothetical reference circuit, 
as set out at present in R ecom m endations 356 and 357;

2. that, in sharing between line-of-sight radio-relay systems and digital systems in the fixed-satellite service, 
the interfering power should be limited to a perm issibly small am ount, as at present indicated in R ecom m enda­
tion 558 (see N ote);

3. that the control o f mutual interference between space stations in the fixed-satellite service and line-of-sight 
radio-relay systems should be through constraints applicable to the use o f bo th , so as to avoid the need for 
specific coordination  procedures between the adm inistrations operating radio-relay stations and those operating  
space stations; these constraints are set out at present in R ecom m endations 358 and  406;

4. that questions o f sharing between systems in the fixed-satellite service and terrestrial radio systems, other 
than line-of-sight radio-relay systems, as well as the bases for such sharing, should receive further study;
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5. that the control o f m utual interference between each earth  station  of a system in the fixed-satellite service 
and  terrestrial radio  stations sharing the sam e frequency bands should be by the application  o f specific 
coord ination  procedures between the adm inistrations concerned. Recom m ended procedures are set out in 
A ppendix 28 to R adio Regulations.
Note. — See R eport 877 concerning interference to digital radio-relay systems by fixed-satellite service systems.

R E PO R T  209-4 *

FREQUENCY SHARING BETWEEN SYSTEM S IN THE FIXED-SATELLITE  
SERVICE AND TERRESTRIAL RADIO SERVICES

(Question 2 /4 )
(1963-1966-1970-1974-1982)

1. Introduction

In considering frequency sharing between systems in the fixed-satellite service and terrestrial radio  services,
there are four conditions which m ust be satisfied:

— the signals from the satellites m ust not cause unacceptable interference to the receivers o f the terrestrial 
service, as in A in Fig. 1;

— the signals from  satellite earth-stations m ust not cause unacceptable interference to the receivers o f the 
terrestrial service, as in B in Fig. 1;

— the signals from  terrestrial stations must not cause unacceptable interference to the receivers o f satellite-system 
earth  stations, as in C in Fig. 1;

— the signals from  terrestrial stations m ust not cause unacceptable interference in the satellite receivers, as in D 
in Fig. 1.
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R ____ JJ____ c E

Radio-relay station Earth station Radio-relay station
operating at frequency F i operating at frequency F2

E: transmitter R : receiver

F ig u r e  1

Interference paths between system s in the f ix e d  sate llite  service and  
terrestrial radio services

______________wanted signal
_______________interfering signal

N ote. —  The frequencies show n are in the bands shared between terrestrial radio services and fixed satellite service, allocated to  
Earth-to-space transm ission (F{) and space-to-Earth transm ission (F%).

This Report shou ld  be brought to the attention o f  Study G roup 8.



Rep. 209-4 3

2. Sharing factors

A determ ination o f w hether sharing between two systems is possible depends on the follow ing factors:
— the m axim um  allow able value o f interference either in a telephone, in a television, o r in a sound channel, at 

the output o f the system subject to this interference;

— the num ber o f specific interference paths between which the total allow able interference m ust be divided;

— the ratio o f the powers, or the ratio  o f the pow er spectral-densities, o f the w anted signal and the unw anted 
signal, at the input to the receiver, which w ould just result in the allow able value o f interference at the ou tpu t 
o f the receiver, taking account o f the types o f m odulation  involved;

— the power, or the pow er spectral-density, o f the interfering transm itter;
— the transm ission loss along the unw anted signal propagation  path , including effective an tenna gain, basic 

transm ission loss, and the effect o f the polarizations concerned;
— the power, or the pow er spectral-density, o f the w anted transm itter;

— the transm ission loss along the w anted signal propagation  path, including the effective an tenna gains, and 
basic transm ission loss.

The m axim um  perm issible values o f interference in the hypothetical reference circuit are given in 
R ecom m endation 356 in the case o f systems in the fixed-satellite service and  in R ecom m endation 357 in the case 
o f line-of-sight radio-relay systems.

3. Sharing methods

The specific m ethods for achieving sharing between systems in the fixed-satellite service and  terrestrial 
systems include the following:

— a lim itation o f the pow er radiated  by the radio-relay transm itters (see R ecom m endation 406 and  R eport 393);
Annex I gives some details on this m atter;

— a lim itation o f the power spectral density at the surface o f the Earth produced by satellites o f the
fixed-satellite service (see R ecom m endation 358 and  R eport 387);

— a specified m ethod o f com puting the distance w ithin which earth station transm itters o r terrestrial transm itters
may produce unacceptable interference respectively to terrestrial receivers or earth  station  receivers sharing 
the same bands (see R ecom m endation 359 and  R eport 382).

Specific limits and  com putation  m ethods are given in Articles 27 and  28 and  A ppendix 28 to the Radio 
Regulations.

Some details on the possibilities o f frequency band sharing between the fixed-satellite service and 
trans-horizon radio-relay systems are given in A nnex II.

Some inform ation on frequency sharing between the fixed-satellite service and the terrestrial radiolocation  
service is also given in A nnex III.

4. System trade-offs for sharing between fixed-satellite systems and radio-relay systems

The design perform ance objectives o f radio-relay systems and fixed-satellite services are specified by C C IR  
R ecom m endations 393 and  353 respectively for FD M -FM  systems and  by R ecom m endation 594 and  R ecom m en­
dation  522 for systems using PCM.

These Recom m endations represent a com prom ise between the preferred standards to be attained  for a 
telephony circuit and  the increase in cost with perform ance o f com m unication systems. For this reason they 
constitue prim ary bases for the overall design o f terrestrial radio and satellite systems.

The total perm itted degradation  o f any system m ust be shared am ong:
— therm al noise,
— interference within the system and
— interference from  other systems sharing the sam e frequency band.

Consistency in the allocation o f interference can be achieved if the relevant R ecom m endations are based 
on the effect o f interference on the to tal cost o f the m utually interfering systems. D etailed consideration o f such a 
technique is given in M urphy [1982] and in C C IR  [1978-82], An exam ple application  is sum m arized in A nnex IV.

W hile this technique may not be readily applicable where m ore than one adm inistra tion  is concerned, the 
potential total cost savings may justify consideration o f its use.

R E F E R E N C E S

M U R P H Y , J. [1982] O ptim ization  o f  interference betw een services sharing the sam e frequency bands. T o be published in Ann. 
des Telecomm.

C C IR  D ocum ents

[1978-82]: 4 /3 4 4  (R e v .l) , 9 /2 5 5  (R ev .l)  (Australia).
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A N N E X  I

P R O T EC T IO N  O F SPA C E  ST A T IO N S IN  T H E  F IX E D -SA T E L L IT E  SER V IC E  A G A IN S T  

IN T E R F E R E N C E  FRO M  T E R R E S T R IA L  R A D IO -R E L A Y  SY ST E M S IN  

S H A R E D  F R E Q U E N C Y  B A N D S  A BO V E 1 G H z

W hen lim itation o f terrestrial transm itter pow er is considered, there are two possibilities:

— interference to a satellite in the m ain beam  o f a terrestrial radio-relay transm itter;

— interference to a satellite from  side-lobe rad iation  o f a large num ber of terrestrial stations within the satellite 
coverage area.

The first leads to a lim it for the m axim um  e.i.r.p. o f terrestrial stations whose antennas are directed close 
to the geostationary orbit. The second leads to a lim it for the m axim um  pow er supplied to the antennas of 
terrestrial stations.

1. Limitation of e.i.r.p.

For the satellite to be in the m ain beam  the interfering terrestrial station will be located at the horizon 
visible from  the satellite.-The perm issible e.i.r.p. will depend upon , inter alia, the gain o f the satellite antenna 
tow ards the horizon, which in general will be appreciably less than the m ain beam  gain.

O ther param eters o f the satellite which enter into the calculation are: the receiver noise tem perature, the 
num ber o f telephone channels and the degree o f energy dispersal used.

2. Limitation of power into the antenna

Outside its m ain beam  the gain o f a terrestrial-station an tenna is largely independent o f the in-beam  gain. 
C onsequently, when the satellite is not in the m ain beam  the interference may be controlled by lim iting the total 
pow er fed to the an tenna rather than by lim iting the e.i.r.p.

The total interference entering the m ain beam  of the satellite an tenna therefore depends upon the num ber 
o f terrestrial stations within the coverage area and the average o f their an tenna gains in the direction o f the 
satellite. O ther param eters o f the satellite which are relevant to the calculation are m entioned in the previous 
section.

A N N E X  II

S H A R IN G  O F F R E Q U E N C Y  B A N D S  B E T W E E N  SY ST E M S IN  T H E  F IX E D -SA T E L L IT E  SE R V IC E A N D  

T R A N S -H O R IZ O N  T E R R E ST R IA L  R A D IO -R E L A Y  SY ST E M S

1. Introduction

This Annex exam ines the conditions under which the systems in the fixed-satellite service and tran s­
horizon systems can share the same frequency band, w ithout causing undue m utual interference.

2. Trans-horizon radio-relay systems

Trans-horizon systems have wide differences in system param eters — for exam ple, transm itter powers from 
a few hundred watts to 50 kW, an tenna diam eters from  3 m to 35 m, baseband capacities from 1 telephone 
channel to 1 television channel, receiver noise figures from  1 dB to 12 dB. It is usually necessary, econom ically, to 
choose the system param eters that best suit each specific system and  sometim es each specific link. The operating 
m argins that w ould perm it standard ization  tend to be either not available technically or not feasible econom ically.

It seems unlikely that trans-horizon radio-relay systems will m ake any extensive use of parallel rad io ­
frequency channels as in line-of-sight systems.
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3. Geometric considerations

The geom etric relations o f exposure of satellites to the an tenna beams o f terrestrial radio-relay stations are 
outlined in R eport 393. A lthough the narrow er beam w idths of trans-horizon an tennas tend to reduce the exposure 
probabilities to various satellite orbit systems, the greater transm itter power, receiver sensitivity and  an tenna gain 
all increase the probability  o f significant interference from  such beam  exposures and even from  exposures to 
m ajor side lobes.

A dditionally, trans-horizon links are frequently used between small and greatly separated islands, and in 
other sim ilar circum stances which lim it the choice o f possible path directions and  which thus preclude this m eans 
o f avoiding orbit exposures.

4. Interference considerations

4.1 Interference to and from  satellites

The equivalent isotropically radiated  pow er from  the term inal o f a trans-horizon system may be of the 
order o f 85 to 90 dBW , i.e., not greatly dissim ilar from  that o f typical earth stations. A satellite in the main lobe 
o f a trans-horizon an tenna would therefore receive unw anted and w anted signals o f the sam e order o f power, if  a 
frequency were shared in the up-path. If  a frequency were shared in the dow n-path , the unw anted signal in the 
trans-horizon receiver w ould be about —110 dBW , which is o f the sam e order as the m edian value o f the w anted 
signal, and  w ould therefore cause a virtual circuit outage.

4.2 Interference to and from  earth stations

The problem  of coordination  distance between earth  stations and trans-horizon stations is essentially 
sim ilar to that o f coordination  distance between earth  stations and line-of-sight stations, except for the larger path 
basic transm ission loss. The loss required to m ake interference negligible ranges from  about 190 dB, when neither 
term inal looks at the other, to about 300 dB when both stations look at each o ther (com plem entary directions in 
azim uth but beyond line-of-sight).

It should be noted, that m uch m ore is know n about dow nw ard fading in trans-horizon propagation  than 
about the upw ard fading that is significant in estim ating coord ination  distance. The usual statistics o f tran s­
horizon loss can be seriously distorted above the m edian value by ducting due to tem perature inversions, which 
have been know n to increase the signals received over trans-horizon paths by as much as 60 to 70 dB above the 
m edian values for substantial periods o f time. Local topographic features below the scattering region can create 
ducting on particular paths with a m uch higher prevalence than  the average for the region or type o f region.

It is advisable to m easure the propagation  loss in a path  likely to suffer interference during a tim e when 
tem perature inversions along the path  are m ost likely to occur. Basic transm ission losses greater than 250 dB are 
difficult to m easure with transportab le  equipm ent.

For geostationary satellites, the problem  o f coord ination  is eased som ew hat by the fact that the an tenna of 
the earth  station will always point in one direction, rather than in various directions, as when it is tracking a 
moving satellite.

5. Conclusions

5.1 It appears likely that the problem  of coord ination  can be solved in m ost actual situations. It would be 
eased in a particularly difficult situation, if an unshared frequency band  were available, to which the frequencies 
o f the offending link could be transferred.

5.2 Sharing with a system of geostationary satellites w ould require a restriction over a sm all part o f the surface 
of the Earth on the range of perm issible azim uth directions for trans-horizon links. This restriction will probably  
not be considered so lim iting as to prevent sharing.

5.3 Systems o f random  satellites in inclined orbits appear at present to require such large restrictions on 
perm issible azim uth directions for trans-horizon links over so much o f the world that sharing does not appear to 
be feasible.
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A N N E X  III

F R E Q U E N C Y  S H A R IN G  B E T W E E N  T H E  FIX E D -SA T E L L IT E  

SE R V IC E  A N D  T H E  T E R R E ST R IA L  R A D IO L O C A T IO N  SE R V IC E

The fixed-satellite service and the terrestrial radiolocation  service have some allocations in the same bands, 
especially above 50 G H z, as set forth  in the Table o f A llocations.

There are three m ajor factors which affect sharing: frequency m anagem ent, geography and interference 
reduction techniques. These factors, as well as a further discussion o f radar spectrum  utilization and o f theoretical 
and experim ental results for spectrum  sharing between FD M -FM  and  radar systems using pulse blanking, are 
given in Reports 827 and 828 *, respectively.

A N N E X  IV

A N  E X A M PL E  A PPL IC A T IO N  O F O P T IM IZ A T IO N  T E C H N IQ U E S  TO  

IN T E R F E R E N C E  B E T W E E N  T E R R E ST R IA L  R A D IO -R E L A Y  SY STE M S  

A N D  SA TE LLITE SE R V IC E S

1. Methodology

The first step o f the optim ization technique is the construction o f a m odel o f the m utually interfering 
systems. Costs are then associated with the param eters o f the model which are under the designer’s control. This is 
done by fitting appropria te  equations to the cost data available. These costs are then added to determ ine the total 
cost o f all systems concerned.

S tandards o f overall perform ance are available for each system; these include degradation o f perform ance 
due to all sources. They can be used to bound  or render dependent some o f the design param eters. (D ependent 
param eters are fixed in value when all the other param eters have been assigned values.) Further param eters can be 
m ade dependent by using the radio propagation  equations for signal transm ission within each system and for 
in terference propagation  between systems. The to tal cost is then a function o f the rem aining independent 
variables.

By varying the independent variables in an optim ization program  the global m inim um  cost can be found. 
The resulting set o f param eters is optim um  in that they correspond to the m inim um  overall cost. From  them the 
interference level can be calculated — this is the preferred level o f interference to be adopted  as a design objective 
since it is associated with the optim um  jo in t system configuration. The choice of another interference level requires 
a change in the independent variables and therefore a quantifiable increase in to tal system cost.

2. Results of an example study

A model o f typical interfering systems is illustrated in Fig. 2. Interference from  the terrestrial system to or 
from  the space segment is norm ally avoided by proper orien tation  o f the radio-relay system with respect to the 
geostationary orbit. A victim S C P C /P S K  earth station is assum ed which suffers interference from  a modem 
section (as defined in R ecom m endation 392) o f the radio-relay system. In this model the modem section consists 
o f 7 paths of length 40 km and the earth  station is located in the m iddle o f the m odem  section.

Long-term interference (20% of the time) is assum ed to occur only between the nearest pair o f transm itters 
o r receivers o f the modem section and the earth station receiver or transm itter. Short-term  interference is assum ed 
to occur only between the earth station and the extreme repeater o f the m odem  section in each direction, R, and 
R7. The dom inant p ropagation  m ode is ducting.

In both cases o f interference from radio-relay system to earth  station and vice versa, it is necessary to 
optim ize the whole m odem  section in the light o f interference to  or from  one repeater. Since the cost o f a radio 
link is a concave function o f the baseband noise in the case o f  an analogue radio-relay system, it is cheaper to 
counteract the effect o f interference to either the earth station or the radio-relay system by upgrading each repeater 
by a small am ount rather than by adjusting the interfering or interfered with link [M urphy, 1982].

The last sentence o f  the “C o n clu sio n s” section o f  R eport 828 should be ignored because this sharing situation does not exist . 
in the Table o f  A llocations o f  the R adio R egulations.
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FIGURE 2 -  Model o f mutually interfering satellite earth station 
and terrestrial radio system

In order to determ ine the total cost a set o f appropriate  cost equations is required. A set o f such equations 
is given in M urphy [1982]; based on these the variation  o f total cost with the two m ost im portan t independent 
param eters is shown in Fig. 3 (which has been evaluated with reference to Fig. 1).

Figure 4 shows that the interference ratio  at optim um  is approxim ately  p roportional to the product o f 
GR5E (an tenna gain of the interfering repeater in the direction of the earth  station) and  GER5 (an tenna gain o f the 
earth station in the direction of R5) bu t the optim um  cost, C0, is virtually independent up to values o f about 
40 dB. In practice this m eans that unless the gain product exceeds this value, the value o f J  is that which occurs 
incidentally in the optim ization o f the two systems in the presence o f short-term  interference. This value is 
therefore the design value o f interference.

At higher values o f the gain product where the cost becomes interference - dependent the optim um  value 
o f interference is approxim ately constant. Fig. 5 shows explicitly the sharp  knee in the cost-optim um  interference 
curve at about — 7dB. This value, at which the cost increases significantly is the m axim um  permissible value o f 
interference.

Radio-relay system antenna diameter DR (m)

o
U

Separation distance d (km)

FIGURE 3 -  Variation o f total cost o f the systems with separation distance, d and 
radio-relay system antenna diameter, DR. The other independent variables are held at

their optimum values
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FIGURE 4 -  Variation o f cost o f the systems and optimum interference with the product o f antenna gains o f 
the earth station and the repeater causing long-term interference
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FIGURE 5 -  Relation between optimum cost and level o f interference 
determined by the antenna gains involved in the transmission o f long­

term interference
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R EPO R T 876

FREQUENCY SHARING BETWEEN SYSTEM S IN THE FIXED-SATELLITE 
SERVICE AND THE FIXED SERVICE IN FREQUENCY BANDS ABOVE 

40 GHz

(Study Program m e 2A /4)

(1982)

1. Introduction

This R eport presents the results of an investigation on the conditions for sharing the frequency bands 
above 40 G H z between the fixed-satellite service and the fixed service. The interference paths considered in this 
R eport are the four paths shown in Fig. 1 o f R eport 209. In these cases, interference from  a terrestrial station to a 
satellite receiver is considered negligible because the e.i.r.p. o f terrestrial stations will be very low, except in the 
case where a satellite an tenna m ain beam is directed to a terrestrial an tenna m ain beam , which would be a very 
rare occurrence. C onsequently, the other three interference paths are analyzed. For both terrestrial and satellite 
systems, only digital m odulation  is considered for these bands.

2. Basic concept for calculating interference

2.1 System s model

It seems to be difficult to fix system param eters because of the absence o f R ecom m endations or Reports 
for terrestrial radio-relay systems and satellite services in frequency bands above 40 GHz. In the follow ing sharing 
analysis, the possible m axim um  e.i.r.p. value is adopted  for an in terfering transm itter, and  possible sensitive 
param eters are adopted  for a receiver, bearing in m ind the foreseeable expansion and developm ent of both 
satellite and terrestrial systems.

An exam ple o f system param eters is given in A nnex I, § 1. These assum ed param eters may represent a
system configuration  that is more susceptible to interference than  is likely to be encountered  in a real situation.

2.2 Assum ed propagation characteristics

Signals above 40 G H z are attenuated by oxygen and water vapour even under clear sky conditions, and 
m ore particularly  with rain. According to R eport 724, 1/7.5 o f the usual value is suggested for the w ater vapour 
attenuation , which is in p roportion  to the water vapour concentration  p. Thus p should be taken as 1 g /m 3. 
However, this seems too severe, so p =  3 g /m 3 is used instead. The 40, 100 and  230 G H z frequency bands are 
selected, because the interference will be strong due to low atm ospheric absorption.

2.3 M axim um  permissible interference

In calculating the m axim um  perm issible pow er flux-density for interference from a satellite or terrestrial 
service, the m axim um  perm issible interference level is assum ed to be 10 dB lower than the total noise level o f the 
necessary C / N .  Since terrestrial radio-relay systems and satellite services in these bands are likely to use digital 
m odulation , a 1 M Hz reference bandw idth is adopted.

3. Power flux-density limits from the satellite station

This section considers interference from a satellite transm itter to a terrestrial receiver. Since the effective 
propagation  path length through a rain-storm  is longer than 4 km (R eport 564-1 (K yoto, 1978), Figs. 1 and  2, 
elevation angle 40° to 50°) in m ost countries and  the span length o f terrestrial radio-relay systems is likely to be 
shorter than 4 km, interference from  a satellite will be m ore attenuated  than the w anted terrestrial radio  signal 
during rainfall. Therefore, no rainfall condition is exam ined.
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Initially, in-beam  interference is considered. Satellites are assum ed to be allocated every 3° in the 
geostationary  orbit, in which case about 50 satellites w ould appear above the horizon. Since the beam w idths of the 
receiving an tennas are less than 3°, it is assumed that at m ost one satellite is in the beam  o f the receiving antenna 
and  the others are outside the beam . The aggregate o f interferences from  those satellites is neglected because the 
an tenna directivity at m ore than 3° off-beam  angle is greater than  25 dB and the aggregate pow er flux-density 
from  about 50 satellites is assum ed to be 14 dB higher than that from  each satellite (reduction by averaging is
— 3 dB). W hen m ost o f the beam w idth o f the terrestrial receiving an tenna  is likely to be w ithin ± 1 ° ,  and the path 
inclination  is less than 4°, the tolerable m axim um  pow er flux-density under free space conditions at elevation 
angles 0 less than 5° should be —101, —96 and —86 dB (W /(m 2 • M Hz)) at 40, 100 and 230 GH z, respectively, 
(see § 2.1 o f Annex I to this Report).

Next, off-beam interference is considered. The aggregate o f the interference from  about 50 satellites 
is 14 dB higher than from  one satellite, as m entioned before. Terrestrial an tenna directivity is assum ed to be 
greater than 45 dB, while satellite an tenna directivity is assum ed to be 0 dB. On these assum ptions, the permissible 
m axim um  power flux-density on the surface of the Earth from  any one satellite, under free space conditions at 
elevation angle 0 greater than 25°, w ould be —73, —70 and  —74 dB (W /(m 2 • M Hz)) at 40, 100 and 230 GHz, 
respectively.

From the discussions above, it is possible to calculate the pow er flux-density produced at the surface o f the 
Earth by em issions from any one space station under free space propagation  conditions. However, it is difficult to 
fix the pow er flux-density lim it at the present tim e since the water vapour attenuation  factor requires further study. 
The proposed provisional values are given in Table IV, where the w ater vapour concentration  p =  3 g /m 3. If  p is 
assum ed to be 1 g /m 3, the in-beam  tolerable m axim um  pow er flux-density for the 230 G H z band  changes to
— 100 dB (W /(m 2 • MHz)) and  off-beam  tolerable m axim um  pow er flux-density changes by less than 2 dB.

4. Separation distance between earth station and terrestrial radio station

In this section, the m inim um  separation distance between the earth  station and the terrestrial radio-relay 
station , necessary to prevent perm issible interference values from  being exceeded, is considered under both no rain 
and  rain conditions.

At frequencies above 40 G H z, the elevation angle o f an earth  station an tenna is assum ed greater than 30° 
to avoid significant atm ospheric absorp tion  and rain attenuation . Therefore, the an tenna gain in the horizontal 
direction becomes the residual gain, which is taken as —10 dBi, but in a few cases, the elevation angle may be 
sm aller and  10° is adopted  as another example. Equation  (1) o f R eport 614 is used for an tenna side-lobe gain.

U nder no rain or rain conditions, the perm issible interference levels are set to error ratios o f 10-11 or 10-3 , 
respectively. The specific rain attenuation  value used in the calculation is derived by dividing the fade m argin by 
the terrestrial span length or by the effective satellite p ropagation  path  length. This m eans that the rainfall rate in 
the area o f concern is assum ed constan t and that the interference signal attenuation  due to rainfall at that rain  
rate is taken into account. P recipitation scatter is not considered because the scattered signal will be attenuated  by 
precip itation  and the propagation  paths are unlikely to cross each other. However, this will require further study. 
The possible system param eters used here are given in A nnex I.

From  these considerations, even in the case o f 40 G H z, which needs the m axim um  separation  distance, the 
m inim um  separation distance is about 52 km within ±  1° o f the terrestrial an tenna m ain-beam  axis and about 
1 km for off-axis angles greater than ±  40° for an earth  station an tenna elevation angle greater than  30°, whilst 
for an elevation angle o f 10°, the m inim um  separation  distances are 127 km and 1.7 km, respectively. The 
calculation m ethod and precise results are shown in A nnex I.

5. Conclusions

The feasibility o f sharing frequency bands above 40 G H z between systems in the fixed-satellite service and 
the fixed service has been investigated. The condition  which perm its sharing the frequency bands involves 
restrictions o f the m axim um  pow er flux-density from  any space station  at the earth surface under the condition of 
free space propagation. Provisional values o f these restrictions are given in Table IV. Values may be applicable to 
possible future satellite systems.

The necessary separation  distance between a terrestrial radio-relay station and  an earth  station seems very
small.

From the considerations above, frequency sharing between systems in the fixed-satellite service and the 
fixed service in the frequency bands above 40 G H z seems feasible taking into account the actual situation, though 
further study is needed to fix the propagation  param aters, i.e. p recip itation  scatter and  w ater vapour attenuation  
factors, especially in the case where a satellite an tenna m ain beam  is in the direction o f a terrestrial an tenna m ain 
beam .
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A N N E X  I

1. Assumed system parameters

1.1 Parameters fo r  systems exposed to interference

System param eters for the terrestrial radio-relay system are listed in Table I. System param eters for the 
satellite earth  station are listed in Table II. For the satellite system, atm ospheric absorp tion  o f the desired signal is 
calculated under the assum ptions tha t p (the water vapour concentration  in g /m 3) =  3 g /m 3, the elevation angle 
0 =  45° and  10°, and the effective distances o f the path through the atm osphere are 4 km and 2 km for oxygen 
and w ater vapour, respectively.

1.2 Parameters fo r  sytems causing interference

System param eters for the terrestrial radio transm itter are assum ed as listed in Table III. The transm itter 
ou tput pow er is considered to decrease in proportion  to frequency by 6 d B /octave  and spectrum  bandw idth  is 
assum ed rather narrow er than that listed in Table I because the power flux-density becom es higher.

N ext, the transm itter power for a satellite earth  station is assum ed to be 10 dB (W /M H z), regardless o f 
frequency, and the an tenna gain in the horizontal direction is taken as constant at —10 dBi for an elevation angle 
o f 45°. For an elevation angle o f 10°, the an tenna gain in the horizontal d irection is a function o f azim uthal 
off-beam  angle. In the following calculations, it is assum ed tha t the terrestrial station is in the vertical plane that 
includes the m ain axis o f the earth station an tenna (azim uthal off-beam  angle =  0°). This is the w orst case.

TABLE I — Possible sensitive parameters for a fixed 
radio-relay system exposed to interference

Modulation 4-PSK

Bandwidth (MHz) 200

Noise figure (dB) 5

Feeder loss (dB) (each station) 2.5

Necessary C/N (10^ n )(dB) 21

Frequency (GHz) 40 100 230

Output power (dBW) -  10 -1 8 -2 5

Antenna diameter (m) (t| = 0.6) 0.6 0.6 0.3

e.i.r.p. (dBW) 33.5 33.5 27.5

Span length (km) 4 . 3 3

Permissible interference power under no rain 
(dBW) -91.0 -88.5 -  100.3

Necessary C/W (10-3) (dB) 14 14 14

Permissible interference power under rain 
(dBW) -  126 -  126 -  126

Fade margin (dB) 42.0 44.5 32.7
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TABLE II — Possible sensitive parameters for a satellite 
earth station exposed to interference

Modulation 4-PSK

Bandwidth (MHz) 100

Noise temperature (K) 30

Antenna diameter (m) 3

Feeder loss (dB) 2.5

Necessary C/A(10-11) (dB) 21

Space station e.i.r.p. (dBW) 70

Distance (km) 38 000

Frequency (GHz) 40 100 230

Atmospheric absorption 
(P = 3) (dB)

oTi­ll®
0.3 0.6 2.1

oOII<x> 1.0 2.4 8.7

Permissible interference power un­
der no rain (dBW)

0 = 45° -120.1 -  120.4 -121.9

0= 10° -  120.8 -  122.2 -128.5

Necessary C/A(10~3) (dB) 14 14 14

Permissible interference power under rain 
(dBW) -  144 -144 -144

Fading margin (dB)

OTfIICD 31.2 30.8 29.3

oOIICD 30.4 29.0 22.8

TABLE III — Possible worst-case parameters for a fixed 
radio-relay system causing interference

Frequency (GHz) 40 100 230

Output power (dBW) 4 - 4 -11

Transmitting antenna diameter (m) 1 1 1

1 Antenna gain (dB) (r) = 0.6) 50 58 65

E.i.r.p. (dBW) 54 54 54

Bandwidth (MHz) 100 100 100
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2. Calculating interference

2.1 Interference from  space station to terrestrial radio station

2.1.1 In-beam interference (no rain condition: elevation angle 0 =  4°)

M axim um  pow er flux-density under free space conditions is determ ined by equation  (1):

Pfdmaxin =  P i  + Lf  + L a t  (0) — 10 log A e -  10 log B (1)

where

Pfdmaxin : m axim um  in-beam  pow er flux-density (dB (W /(m 2 • MHz)))

P i - perm issible interference pow er (dBW )

L fi receiving feeder loss (dB)

4 ,  (0) : atm ospheric absorp tion  (dB) (elevation angle 0 =  4°, water vapour concentration  p =  3 g /m 3)

A e : receiving an tenna effective area (m 2)

B : receiving bandw idth  (M Hz).

Results are —101.3, —95.5 and —86.1 dB (W /(m 2 • M Hz)) for 40, 100 and 230 G H z, respectively.
These values should be valid outside the m ain beam  o f a space station antenna.

2.1.2 Off-beam interference (no rain condition : elevation angle 0 =  25°).

M axim um  pow er flux-density under free space conditions is determ ined by equation  (2):

pfdmaxoff ~  Pi +  4  +  4 ,  (0) — 10 1°8 A e — \0  log B — 17 +  3 +  45 (2)

where

4 ,(6 )  : atm ospheric absorp tion  (dB) (elevation angle 0 =  45°, p =  3 g /m 3)

17 dB : 50 satellites

- 3  dB : assumed reduction factor by averaging

45 dB : terrestrial an tenna directivity at m ore than 20° off-beam.

Results are —72.5, —69.7 and  — 73.9 dB (W /(m 2 • M Hz)) for 40, 100 and  230 G H z, respectively. 
These values should be valid on the m ain axis o f a space station antenna.

From  these results, the proposed lim it o f pow er flux-density produced at the surface o f the Earth 
by emissions from  any one space station under free space conditions is given in Table IV. Between 5° 
and  25° o f 0, the perm issible pow er flux-density is determ ined to be linear to the angle o f arrival and  is 
applicable at the lower frequencies.

The perm issible e.i.r.p.’s for satellite space stations, corresponding to these values, are 80, 82 and  
82 dB (W /M H z) for 40, 100 and 230 GH z, respectively. These values seem high enough, even if possible 
future advances in satellite com m unication technology are considered.

TABLE IV — Proposed provisional power flux-density 
limit at the surface o f the Earth

Frequency range 
(GHz)

Power flux-density limit (dB(W/(m2 MHz)))

0 <  5° 5° <  0 <  25° 25° <  0 <  90°

40-100 -  102 -  102+ (0-5) -8 2

100-275 -  100 -  100+ (0-5) -8 0

Note. -  Limitation on power flux-density is not necessary in the absorption fre­
quency bands around 60, 120 and 180 GHz.
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2.2 Separation distance between an earth station and  a terrestrial radio station

Necessary separation distance d  is given by solving equation  (3) below. Param eters are given in Tables I, 
II and I I I , and § 1.2 in Annex I.

P,t +  Gat ~  10 lo8 ( 100°  d )2 = Pj + Lf  + K  ■ d  — 10 log A e -  10 log B + A r (3)

where
Pt i : interference signal transm itter ou tpu t pow er (dB (W /M H z))
Ga i : transm itting  an tenna gain for interference signal in the direction of receiver concerned (dB)
d : necessary separation  distance (km)
P j : perm issible interference power given under no rain or rain conditions (dBW)
Lt : receiving feeder loss (dB)
K  : atm osphere absorption  factor (p =  3 g /m 3) under no rain condition or specific rain attenuator

under rain  condition (dB /km )
A e : receiving an tenna effective area (m 2)
B : receiving bandw idth  (M Hz)
A r : receiving an tenna directivity in the direction (p o f interference signal transm itter (dB).
The necessary separation  area under both no rain  and rain conditions overlap at each frequency for the 

terrestrial receiving station in Fig. 1 and  for the terrestrial transm itting  station in Fig. 2.

FIGURE 1 -  Necessary separation for terrestrial receiving station

_________  : Earth station antenna elevation angle of 45°

___________: 10° at 40 GHz

FIGURE 2 -  Necessary separation for terrestrial transmitting station

_________  : Earth station antenna elevation angle of 45°

___________: 10° at 40 GHz
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RECOM M ENDATIO N 356-4

M AXIM UM  ALLOWABLE VALUES OF INTERFERENCE FROM  
LINE-OF-SIGHT RADIO-RELAY SYSTEM S IN A TELEPHONE CHANNEL OF A SYSTEM  

IN THE FIXED-SATELLITE SERVICE EMPLOYING FREQUENCY M O DULATION,
W HEN THE SAM E FREQUENCY BANDS ARE SHARED BY BOTH SYSTEM S

(Question 2 /4  and  Study Program m e 2A /4)

(1963-1966-1970-1974-1978)
The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and  line-of-sight radio-relay systems share frequency bands in the
range above 1 G H z;

(b) that m utual interference w ould increase the noise in both types o f system beyond that which w ould exist in
the absence of frequency sharing;

(c) tha t it is desirable that the noise due to interference in the telephone channels o f systems in the
fixed-satellite service because o f the transm itters o f radio-relay systems should, during  m ost o f the tim e, be a small 
fraction o f the to ta l noise in those systems, as set out in R ecom m endation 353;

(d) tha t it is necessary to specify the m axim um  allow able interference pow er in a telephone channel, to
determ ine the m axim um  transm itter pow er and  equivalent isotropically radia ted  pow er o f line-of-sight radio-relay 
stations, and to determ ine whether specific locations for satellite-earth stations and  terrestrial radio-relay stations 
w ould be satisfactory;

(e) that a distribution  o f one-m inute m ean power, as exem plified in Fig. 1 w ould allot to interference an
appropriate  fraction o f the total noise pow er perm itted in the hypothetical reference circuit;

( f )  that systems in the fixed-satellite service may receive interference both th rough the satellite receiver and
through the earth-station receiver, but will receive the higher levels o f interference associated with small 
percentages of tim e prim arily  through the earth-station receivers,

U N A N IM O U S L Y  R E C O M M E N D S

1. that systems in the fixed-satellite service and  radio-relay systems sharing the sam e frequency bands, be
designed in such a m anner that the interference noise power, at a po in t o f zero relative level in any telephone
channel o f a hypothetical reference circuit o f a system in the fixed-satellite service, caused by the aggregate o f the
transm itters o f radio-relay stations, conform ing to Recom m endation 406, should no t exceed:

1.1 1000 pWOp psophom etrically-w eighted one-m inute m ean pow er for m ore than  20% o f any m onth ;

1.2 50 000 pWOp psophom etrically-w eighted one-m inute m ean pow er for m ore than 0.03% o f any m onth.

2. that the following N ote should be regarded as part o f the R ecom m endation.

Note. — The way in which the above values are to be taken into account in the general noise objective for
systems in the fixed-satellite service is defined in N ote 6 o f R ecom m endation 353.
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Percentage o f any month 

FIG U R E  1 -  Exam ple o f  possib le interpolation

R E C O M M E N D A T IO N  357-3

M AXIM UM  ALLOWABLE VALUES OF INTERFERENCE IN A TELEPHONE CHANNEL 
OF AN ANALOGUE ANGLE-M ODULATED RADIO-RELAY SYSTEM SHARING THE SAME  

FREQUENCY BANDS AS SYSTEM S IN THE FIXED-SATELLITE SERVICE

(Question 17/9)
(1963-1966-1974-1978)

The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and line-of-sight radio-relay systems share certain frequency bands 
above 1 G H z;

(b) that m utual interference would increase the noise in both types o f system beyond that which would exist in
the absence o f frequency sharing;
(c) that it is desirable that the noise, due to interference m the telephone channels o f existing radio-relay
systems, em anating from  transm itters o f satellites and earth stations, should be a fraction o f the total noise in 
those systems, such that it would not be necessary to change the design objectives for radio-relay systems, as set 
out in Recom m endation 393;
(d) that it is necessary to specify the m axim um  allow able interference pow er in a telephone channel, to 
determ ine the m axim um  power flux from com m unication satellites which can be allowed at the surface o f the 
Earth and to determ ine whether specific locations for satellite-earth stations and terrestrial radio-relay stations 
w ould be satisfactory;

(e) tha t a distribution  o f one-m inute mean power, as exem plified in Fig. 1, would allot to interference a
reasonable fraction o f the to tal noise power perm itted in the hypothetical reference circuit,
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1. that systems in the fixed-satellite service and line-of-sight analogue angle-m odulated  radio-relay systems
which share the same frequency bands, should be designed in such a m anner, that in any telephone channel o f  a 
2500 km channel hypothetical reference circuit for frequency-division m ultiplex, analogue angle-m odulated 
radio-relay systems, the interference noise power at a point o f zero relative level, caused by the aggregate o f the
em ission o f earth  stations and space stations o f the systems in the fixed-satellite service, including associated
telem etering, telecom m and and tracking transm itters, should not exceed:

1.1 1000 pWOp psophom etrically-w eighted one-m inute m ean pow er for m ore than  20% of any m onth;

1.2 50 000 pWOp psophom etrically-w eighted one-m inute m ean pow er for m ore than 0.01% o f any m onth.

2. that the following N ote should be regarded as part o f the Recom m endation.

Note. — The way in which the above values are to be taken into account in the general noise objective for
radio-relay systems is defined in R ecom m endation 393.

U N A NI M OU S LY  RECOMMENDS

FIG U R E 1 -  Exam ple o f  possible interpolation
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RECOM M ENDATIO N 558-1

M AXIM UM  ALLOWABLE VALUES OF INTERFERENCE FROM TERRESTRIAL 
RADIO LINKS TO SYSTEM S IN THE FIXED-SATELLITE SERVICE 

EM PLOYING 8-BIT PCM ENCODED TELEPHONY  
AND SHARING THE SAME FREQUENCY BANDS

(Study Program m e 2A /4 )

(1978-1982)
The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and line-of-sight radio-relay systems share, frequency bands in the 
range above 1 G H z;

(b) that interference from  radio-relay systems would degrade the bit error ratio perform ance o f a satellite 
system relative to its perform ance in the absence o f frequency sharing;

(c) that it is desirable that the b it error ratio in systems in the fixed-satellite service due to interference from  
transm itters o f radio-relay systems should, during m ost o f the tim e, be. a controlled fraction o f the to tal bit error 
ratio  in those systems, as set out in Recom m endation 522;

(d) that it is necessary to determ ine the m axim um  allow able interfering R F  pow er in a satellite system to 
establish the m axim um  transm itter pow er and equivalent isotropically  radiated pow er o f line-of-sight radio-relay 
stations, and to determ ine whether specific locations for satellite-earth stations and terrestrial radio-relay stations 
would be satisfactory;

(e) that interference from  radio-relay systems may vary with tim e due to the effect o f varying propagation  
conditions;

( f)  tha t systems in the fixed-satellite service may receive interference both through the satellite receiver and 
through the earth-station receiver but will receive the higher levels o f interference associated with small 
percentages o f tim e prim arily through the earth-station receivers;

(g) that where propagation  variations are small it is preferable to define the perm issible interference limit as a 
fraction o f the pre-dem odulator noise power, as this allows m ultiple interference entries to be superim posed on 
each other on the basis o f R F pow er addition,

U N A N IM O U S L Y  R E C O M M E N D S

1. that systems in the fixed-satellite service and radio-relay systems sharing the same frequency bands be 
designed in such a m anner that the interference to an 8-bit PCM  telephony system in the fixed-satellite service 
caused by the aggregate o f the transm itters o f radio-relay stations operating in accordance with R ecom m enda­
tion 406, should conform  to the following provisional * lim its:

1.1 the interfering pow er** , averaged over any ten m inutes, should not exceed, for m ore than 20% o f any
m onth, 10% of the total noise power at the input to the dem odulator that would give rise to an error ratio o f 
1 in 106;

1.2 the interfering R F  pow er should not cause the bit error ratio , averaged over any one m inute, to exceed
1 in 104 for m ore than 0.03% of any m onth;

Note 1. — To calculate the limit referrd to in § 1.1, it m ust be assum ed that the total noise pow er at the input to
the dem odulator is o f a therm al nature.

Note 2. — There may be a need for a paragraph in “ R E C O M M E N D S ” covering a tim e period shorter than
0.03% of any m onth, but this is a m atter for further study with respect to  appropria te  error ratios and propagation  
statistics.

* These criteria m ay need to be am ended in the light o f  further studies.

** It is assum ed in this R ecom m endation  that the long-term  interference from  the terrestrial radio links is o f  a continuous
nature. The situation relating to cases where interference is not o f  a con tinu ou s nature has not been considered.
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R EPO R T 793

DERIVATION OF INTERFERENCE CRITERIA FOR DIGITAL SYSTEM S  
IN THE FIXED-SATELLITE SERVICE SHARING BANDS WITH TERRESTRIAL SYSTEM S

(Study Program m e 2A /4)

(1978)

1. General

R ecom m endation 522 provides perform ance criteria for digital transm issions in systems o f the fixed-satel­
lite service. R E C O M M E N D S  2, N ote 4, stipulates tha t these perform ance criteria are to apply in the presence of
interference due to external sources.

Since the fixed-satellite service shares most o f the frequency bands allocated to it with other services, the 
to tal perm issible interference com prises not only interference from  other satellite networks bu t also from  terrestrial 
systems, and must be divided accordingly to accom m odate each o f the two interference classes.

This R eport considers the derivation o f criteria for interference only from  terrestrial systems.

2. Long-term interference criteria

The long-term  perform ance criteria for digital transm issions o f R ecom m endation 522 are couched in term s 
o f the required bit error ratio. Hence it would seem to be reasonable to relate the interference criteria also to bit 
error ratio.

This would be analogous to the case o f analogue F D M /F M  telephony where both perform ance and  
interference criteria are expressed in term s o f the voice channel noise power, the latter being a small fraction of 
the former. However, unlike the situation with analogue F D M /F M  telephony, bit error ratios in the digital case 
do not add in a linear fashion and, to express interference criteria in term s o f b it e rro r ratio , reference would have 
to be m ade to the overall perform ance criterion as well as to the m agnitude o f b it error ratio  increase due to the 
presence o f interference.

However, alternative m ethods o f relating interference criteria to overall perform ance are possible; for 
exam ple the relationship  may be defined in term s o f pre-dem odulation  param eters either by a w anted-to-unw anted 
carrier ratio ( C / I )  or by an external-to-internal noise pow er ratio ( I / N ). This approach  has two advantages: 
pre-dem odulation  param eters are readily available (and, in fact, would have to be used also as an interim  
calculation step in the assessment o f bit error ratio  increase) and, secondly, the interference com ponents ( / )  
beyond the first two largest com ponents tend to add nearly linearly on a pow er basis in the pre-dem odulation 
dom ain. This would facilitate sub-division am ong interference entries.

In practice, there exists a rather com plex relationship between the pre-dem odulation  param eters ( C / / )  and  
( I / N ) ,  the bit error ratio increase factor (k) *, and  the operating  conditions and characteristics o f a given digital 
system. Figure 1 illustrates the relationship between (C 7 1) and k  for a pre-dem odulation  interference to total noise 
ratio o f —10 dB and for various operating conditions, m easured in laboratory  sim ulation o f a differentially 
encoded quaternary  PSK (D EQ PSK ) system.

Figure 1 shows the advantages o f increasingly linear operation  and o f the use o f error correction codes. 
M ore im portantly , though, it shows that an interference criterion which is based on either a bound  on the bit error 
ratio  increase factor (k) or on the w anted-to-unw anted carrier ratio ( C / 1 )  may reduce the benefits in co -o rd ina­
tion between terrestrial and fixed-satellite systems which may be ob tained from  applying im proved equipm ent 
characteristics o r operating modes. However, this is not the case for a criterion derived from  the internal-to- 
external noise power ratio  ( I / N )  and a limit based on sub-division o f the pre-dem odulator noise pow er is 
therefore preferable.

k is the ratio betw een net bit error ratio and bit error ratio in the absence o f  interference.
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1 2 3 4 5

B it error ratio (B E R ) increase factor k

F IG U R E  1 -  C /I  versus k  f o r  various D E Q P S K  tran sm ission  m odes.
Predemodulation interference com ponent ! 0 ° lo ; net B E R  = I 0 ~ 6. 

(M easured in a laboratory simulation)

# :  No FEC (Forward Error Correction)

■ :  Rate 7/8 FEC  

▲: Rate 4/5 FEC

1: Earth sta tion  b ack -off 3 d B ; sa te llite  back -off 0  dB  

2 : 6 dB/0 dB 

3: 10 dB/4 dB  

4: 14 dB/14 dB

Solid line represents averaging o f experim ental results.

In the analogue case (R ecom m endation 356) the m axim um  perm issible interference from  terrestrial stations 
is taken to be 1/10 o f the total noise allow ance and it is considered that this ratio w ould be provisionally  
app rop ria te  for the digital case also.

It is therefore suggested that the long-term  interference criterion for the protection  o f digital transm issions 
in systems of the fixed-satellite service, due to interference from terrestrial systems, should be defined * as follows:

— the interfering power **, averaged over any ten m inutes, should not exceed, for m ore than 20% o f any m onth, 
10% of the total noise pow er at the input to the dem odulator which w ould give rise to an error ratio o f 1 
in 106.

* This criterion m ay need to be am ended in the light o f  further study.

** It is assum ed here that the interference is o f  a con tinu ou s nature; the situation  relating to cases where interference is not o f
a continuous nature, for exam ple radar transm issions, has not been considered.
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3. Short-term interference criteria

For small percentages o f the tim e interference at an earth station from  an interfering terrestrial transm itter 
may be substantially increased relative to that norm ally (that is during 80% o f the time) experienced, due to 
“ interference-favourable” propagation  conditions. Hence, for such sm all percentages o f the tim e a received digital 
transm ission may either be degraded due to its own unfavourable propagation  conditions, or due to increased 
interference under “ in terference-favourable” propagation conditions, or due to bo th  conditions sim ultaneously.

U nder m ost circum stances a single interfering signal is likely to  predom inate. However, the occurrences o f 
such high level interferers are unlikely to be tim e correlated. Therefore, in this case, it would be preferable to 
define the interference allocation as a fraction o f the total tim e the circuit is allow ed to operate under degraded 
conditions. This interference allocation would apply to the two short-term  objectives in Recom m endation 522 and 
the following limits *, based on 1 /10 o f the percentage tim e allocation, are envisaged:

— the interfering R F power should not cause the bit error ratio, averaged over any one m inute, to exceed 
1 in 104 for m ore than 0.03% of any m onth.

— the interfering RF pow er should not cause the bit error ratio, averaged over any one second period, to exceed 
1 in 103 for m ore than 0.001% of any year.

R EPO R T 877

INTERFERENCE CRITERIA FOR DIGITAL RADIO-RELAY SYSTEM S  
SHARING FREQUENCY BANDS WITH THE FIXED-SATELLITE SERVICE

(1982)

1. Introduction

The feasibility o f the sharing o f radio frequency bands between fixed satellites and terrestrial radio-relay 
systems is well established in the case o f analogue systems. It is also expected tha t sharing will be feasible when 
one or both systems are digital. That is, each system will be able to operate satisfactorily despite the radio 
interference which arises from  the sharing o f a com m on frequency band.

Sharing between analogue satellite and terrestrial radio-relay systems has been m ade possible by the 
establishm ent o f m eaningful and practical sharing criteria based upon know ledge o f the interference m echanism s 
and their characterization. The interference m echanism  on digital systems is quite d ifferent from  that o f analogue 
systems and therefore it is to be expected that the sharing criteria will be correspondingly different. This R eport 
discusses the basis for establishing the sharing criteria for terrestrial digital radio-relay systems (see N ote 1) with 
fixed-satellite systems. Extensive com parison is m ade with analogue systems in order to highlight the need for a 
different approach.

2. The character of interference mechanisms for analogue and digital radio systems

2.1 Analogue radio systems

In general, for the purpose o f establishing m eaningful and practical sharing criteria, analogue sytems are 
characterized in their linear region by:

— a linear relationship between baseband noise and the receiver carrier-to-noise ratio  ( C / N )  associated with the 
receiver therm al noise;

— a linear relationship between baseband noise and the received carrier-to-interference ratio  ( C / I )  associated 
with radio interference;

These criteria m ay need to be am ended in the light o f  further study.
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— the noise at baseband due to the receiver therm al noise being independent o f radio interference. Similarly 
baseband  noise due to radio  interference is independent o f the receiver therm al noise;

— the two com ponents o f baseband noise being pow er additive.

These characteristics have been used to establish the sharing criteria between analogue fixed-satellite and 
terrestrial radio-relay systems. They are not absolutely correct or applicable under all conditions but they have 
proven to be very useful and  m eaningful concepts in solving design problem s.

2.2 Digital radio systems

Digital systems behave in a totally d ifferent m anner. They are characterized by:

— the presence o f digital errors, due to the receiver therm al noise, which give rise to “noise” in the baseband
signal. These are characterized by the concept o f bit error ratio  (BER). The BER, and  hence the baseband
noise, is a non-linear function o f C / N .  F igure 1 is an exam ple o f a typical relationship. The effect of this
relationship  is that there is a well-defined C / N  below which the signal is unusable due to high baseband
noise a n d /o r  m isfram ing in the digital m ultiplex or channel bands, i.e., the signal is for practical purposes
interrupted . Above this critical C / N  the baseband noise rapidly  becomes negligible and  is dom inated by the 
basic PCM  quantizing noise. Typically, an increase o f 1 dB in C / N  will reduce the BER by a factor o f 10 
corresponding to a 10 dB reduction in the baseband  noise arising from  the errors. It m ust be ensured that the 
design of a digital radio-relay system m ust have a C / N  above the critical value for an acceptably high 
percentage o f the tim e;

— the fact that interference, in m ost practical circum stances, does not o f itself cause errors but enhances the
ability  o f the therm al noise to cause errors, as indicated by closing o f the eye pattern  o f the digital decision 
circuit. A convenient way o f characterizing the effects o f interference is the concept o f C / N  degradation. This 
is defined as the increase required in C / N  to restore the BER in the presence o f interference. Over m ost o f 
the practically significant range o f C / N  the degradation  due to a given interference ( C / I )  is independent o f 
C / N .  Thus the effect o f interference in m ost practical circum stances is to move the BER curve of Fig. 1
tow ards the right by an am ount equal to the degradation  o f C / N .  This is shown by the dotted curve in Fig. 1.

It should be noted that the com bined effects o f therm al noise and  interference in digital systems is quite 
different from that o f analogue systems. For digital systems the baseband noise (errors) caused by the therm al 
noise is dependent upon interference level and, sim ilarly, the baseband noise associated with interference is very 
dependent upon  the therm al noise level. There can be no independent association o f the com ponents o f baseband 
noise with the receiver therm al noise or with the interference.

It should also be noted that the specification o f C / I  alone is insufficient to determ ine the C / N  
degradation. The actual degradation  is a function o f the am plitude distribution  o f the interference as well as its 
C/ I .  In theory, a com plete statistical description o f the am plitude o f the interference is needed in order to 
determ ine the degradation . Such in form ation is rarely available for practical systems. One attem pt to im prove on 
this situation by reducing the am ount o f data needed is described in [Rosenbaum  and G lave, 1974] in which it is 
show n that for peak-lim ited interference a reasonably tight upper-bound  can be established for the BER provided 
that the C /7  and  the peak/r.m .s. value o f the interference is know n. U nfortunately , to date, very little is even 
know n o f the likely values o f peak /r.m .s. to be encountered in practical situations or indeed that the interference 
will always be peak limited.

W hen the interference pow er is small com pared to therm al noise, the effect on BER can often be quite 
accurately estim ated by treating  the interference pow er as additional therm al noise o f equal power. This approach  
has also been used when the interference pow er is equal to or larger than  the therm al noise power. However, it 
can lead to the prediction o f very pessim istic results. H igh levels o f interference pow er will only have sim ilar 
effects to therm al noise if it has a com parable am plitude d istribution. That is, the d istribution m ust be peaky 
enough to cause actual errors as indicated by m om entary closure o f the eye pattern . In general, it is not expected 
that interference from  satellite systems will be o f that nature, although little is know n for certain at this time. The 
m ost likely cause o f peaky interference is when an interfering signal becomes distorted due to filtering or 
p ropagation  effects. M ore knowledge is needed on the nature o f interference likely to be encountered in practical 
situations. This should be derived by theoretical considerations supported  by m easurem ents on actual systems.
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FIGURE 1 -  Typical BER vs C /N  characteristic o f  d ig ita l  
rad io-re lay system s

A: no interference 
B : with interference 
C : degradation

In the absence o f any inform ation on the am plitude statistics o f the interfering  signal, the pow er addition  
o f interference and therm al noise gives a useful upper-bound to BER (see N ote 2). In m any practical problem s 
there are a m ultiplicity o f interference sources. The pow er addition  o f these sources and the therm al noise provides 
a useful m ethod o f allocating perm issible levels o f interference in com plex systems.

3. Application of noise and interference characteristics of digital systems to general sharing criteria

3.1 A n a lo g u e  s y s te m s

The general interference criteria for radio-relay systems are derived by perm itting  m inor degradations o f
the im portan t perform ance requirem ents. In the case o f analogue systems these requirem ents are:

(a )  a m axim um  value o f “long-term ” baseband noise assum ed to exist during  free-space or near free-space 
p ropagation  conditions;

(b ) a “short-term ” requirem ent to allow for fading o f the carrier, in which an upper lim it is placed on the 
percentage o f time the baseband noise is allowed to exceed a high value, m uch in excess o f the “ long-term ” 
noise allowance in (a )  above.

The general interference sharing criteria relate directly to these m ajor perform ance requirem ents as follows:

— m axim um  value o f “long-term ” baseband interference noise which is typically 10% of the “ long-term ” noise 
allow ance as recom m ended by the C C IR  for the hypothetical reference circuit (HRC). This noise is prim arily  
due to direct interference from satellite transm itters received under free-space conditions;
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— a “short-term ” requirem ent in which an upper lim it is placed upon the percentage of tim e the baseband noise 
due to interference is allowed to exceed a high value, much in excess o f the long-term  noise allowance. This 
percentage o f the tim e is typically 10% of the tim e allowed for high noise due to fading o f the carrier as 
recom m ended by the C C IR  for the H RC (R ecom m endations 393 and 395). The short-term  allowance is 
p rim arily  related to anom alous propagation  o f interfering signals from  the transm itters o f satellite earth- 
stations;

From  these general sharing criteria detailed requirem ents on perm issible C /7  and the percentage of tim e 
they are perm itted have been determ ined. It should be noted that when these criteria are applied to the design o f a 
real system there need be no com prom ises o f any other m argins the designer may choose to build into the system. 
M argins may be designed into the system because circum stances call for a conservative design or because a better 
perform ance is required than  that recom m ended by the C C IR .

3.2 Digital systems

C onsidering the digital systems, it follows tha t the general sharing criteria should be derived by perm itting 
the interference to cause specified degradations o f the im portan t perform ance requirem ent(s). As was m entioned in 
§ 2 the design o f a digital radio-relay system is dom inated  by the need to m aintain  the C / N  above the critical 
C / N  for a high percentage o f the time. This is achieved in the m ost part by building the system with a large fade 
m argin, typically 35 dB, so that the signal can fade by that am ount before reaching the critical C / N  below which 
service is interrupted. D uring free-space or near free-space conditions, which will exist for m ost o f the time, the 
BER is negligibly small and, in term s o f the system design, it is not a m ajor systems param eter (N ote 3). W hen 
the C / N  is below the critical value, the system is generally considered to be unusable. Typically in a digital system 
used for telephony, the system is considered to be in terrupted  if the BER exceeds a value in the order o f 10-4 .

The sharing criteria for digital radio systems should be defined in term s o f allow able degradation in 
perform ance and availability due to the presence o f interference from  the satellite system. The allow ance should be 
expressed as a perm issible fraction o f the total degradation  in perform ance and availability due to adverse 
propagation  conditions. From  this general criterion detailed requirem ents on C / I  for a given percentage o f the 
tim e can be determ ined. As with analogue systems, the application  o f this criterion will not preclude the design o f 
systems having additional m argins to achieve a better perform ance.

It should be especially noted that it is not acceptable to specify sharing criteria in term s of interference 
giving rise to a given BER. The actual level o f interference needed to cause a given BER is very sensitive to the 
actual therm al noise present and the precise nature o f the interference at a given time. Hence, this approach could 
lead to system designs where the perform ance could easily deteriorate from  being acceptable to being totally 
unacceptable, say in term s o f outage period, due to m inor changes in the operating  conditions o f the system. Also, 
and  o f equal im portance, this approach  could lead to the rem oval o f legitim ate m argins which the designer built 
in to  the system. In fact, in term s o f acceptable interference from  satellite systems, the conservatively designed 
system could easily becom e penalized relative to the less conservatively designed system.

3.3 Proposed Recommendation

A proposed R ecom m endation is shown in A nnex I to this R eport and  adm inistrations are urgently 
requested to subm it contributions concerning these values.

4. Some considerations of the real system problems

4.1 Basic considerations

There are two m echanism s by which the interference from  satellite systems can increase the outage period 
o f terrestrial digital radio-relay systems:

— low-level “ long-term ” (e.g. for 80% o f any m onth) interference from  the satellite or earth station transm itter 
which will cause a constan t degradation  o f the C / N  (as discussed in § 2) and  will reduce the fade m argin and  
thus increase the outage period;

— high-level “short-term ” interference due to anom alous p ropagation  o f the signal from  the transm itter o f the 
satellite earth station. This interference will cause a severe degradation  to C / N  or perhaps o f itself cause 
errors if it is sufficiently peaky in nature as was discussed in § 2.
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It is considered that these two m echanism s will be independent and  do not occur sim ultaneously for 
signficant periods. The outage periods from each can therefore be added in a sim ple m anner.

4.2 C / I  considerations

For carrying out the requirem ents on C / / a n d  in the absence o f any detailed in form ation on the nature o f 
the interference, it will have to be assum ed that the interference pow er behaves as therm al noise pow er o f equal 
value. This will likely be quite an accurate approach  for the “long-term ” interference which will in practice be 
equal to or less than  the therm al noise power. However, the “short-term ” situation presents considerable difficulty. 
The behaviour o f digital systems under conditions o f very high levels o f interference, high BER and  low therm al 
noise, is not well understood or characterized. A ccurate calculation o f acceptable C /1  ratios is therefore very 
difficult even for specific circum stances let alone attem pts to generalize for the purpose o f writing recom m enda­
tions or guidelines. It w ould appear that the only practical procedure at this tim e is to assum e that the interference 
can be treated as therm al noise on the assum ption that this approach  gives a useful, if  not absolute, upper-bound  
to the BER.

It should not be construed however tha t because as a m atter o f expediency we treat the effects of 
interference pow er like the effect o f therm al noise pow er, that the predicted results will accurately reflect w hat 
actually happens with real systems. The published theoretical relationships between BER, therm al noise and  
interference are in general consistent with practice provided the interference can be characterized and  is less than 
about 10 dB below  the carrier level. Therefore, any conclusions on the behaviour o f BER draw n from  a sim ple 
approach , such as equating interference to therm al noise, should always be checked for consistency with the 
theory. At high BER caused by high levels o f interference the theory may not be very useful and, therefore, one 
will have to resort to cross-checking predictions with m easurem ents. Study is going to be required on the problem  
of translating the general sharing criterion suggested in this R eport into perm issible C / I  and  the percentage o f 
tim e they are perm itted to occur.

4.3 Distribution o f  outage events

In general, interference can occur into a num ber o f repeaters in a system. In the case o f analogue systems 
due to their intrinsic linear behaviour the noise allow ance can at least in theory be d istributed  over a num ber of 
repeaters in any m anner. A dm inistrative difficulties may however, im pose restrictions on this procedure. In the 
case o f digital systems the total outage period could also in theory be d istributed over a num ber o f repeaters in 
any m anner. A rrangem ents in which all the outage period was allowed at one repeater with a corresponding  
relatively high level o f interference will have to be assessed carefully. Again adm inistrative difficulties may im pose 
restrictions on the distribution  o f the perm issible outage period.

5. Summary

The following im portan t points are brought out in this Report:

— the allow able perform ance and availability due to adverse propagation  conditions is the dom inan t design 
requirem ent in a digital radio system;

— there can be no independent association o f the com ponents o f baseband  noise due to receiver therm al noise 
and  interference in a digital system;

— interference criteria for sharing are derived by perm itting specified degradations in perform ance and 
availability due to adverse propagation  conditions;

— the sharing criteria m ust be such that there is no degradation  of any additional m argins that the designer will 
need to build  into a system, to meet the overall perform ance objectives;

— the allow able degradations in perform ance and  availability o f a terrestrial digital radio-relay  system due to  
interference from  satellite systems o f the fixed-satellite service should be expressed as a perm issible fraction  o f 
the total degradation  in perform ance and  availability due to  adverse p ropagation  conditions.

Note 1. — Digital systems denotes systems carrying telephony with the voice signal being encoded in 8 bit PCM  
form at m ultiplexed by tim e division m ultiplex. The m ultiplexed digital signal is generally re-encoded, often to a 
high num ber o f levels, to m odulate the radio carrier. It is assumed that the digital signal is fully regenerated at 
each radio repeater. The basic approach discussed in this R eport is also applicable to digital systems carrying 
other services.
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Note 2. — Therm al or G aussian  noise does not have the w orst statistics from  the BER poin t o f view. Rosenbaum  
and  G lave [1974] shows that even with peak lim ited interference, constrained so that o f itself it does not cause 
errors, the BER can be worse than  with therm al noise o f equal power. Presum ably this is even m ore likely if the 
interference is no t peak lim ited in the sense described in [Rosenbaum  and G lave, 1974]. Therefore, in theory, the 
therm al noise equivalent approach  is not a true absolute upper-bound to BER. However there are reasons to 
doubt (from  experience with real systems) whether the absolute upper-bound  is applicable to practical situations 
since in general the interference from  satellite systems is unlikely to  be very peaky in nature. This is expected to 
be true even after the interference has undergone various distortions due to filtering and propagation  effects. It is 
on this basis that the therm al noise pow er equivalence can be considered as a useful upper-bound.

Note 3. — Experience with real systems indicates that digital radio-relay equipm ent has a residual BER of some 
very low value (better than say 10“ 16) which is independent o f C / N .  It is associated with jitter on the recovered 
reference carrier used for coherent detection. Further it appears that the residual BER can be worsened by 
interference. W ith the worst long-term  levels o f interference expected to be experienced in a digital system, as 
occurs when cross-polarization discrim ination is used to separate co-channel carriers, the residual BER has been 
observed to increase by three orders o f m agnitude. However, the residual BER is still very low (say better 
than 10“ 13) and therefore is quite acceptable. This phenom enon is not totally  understood. A lthough at this time, 
the BER during free-space conditions (which is likely to be residual BER) is not considered to be a m ajor systems 
param eter, it is advisable in considering the effect o f interference from  satellite systems to keep track o f the 
understanding  o f this phenom enon. It is not know n at this tim e if the observed effects are o f a fundam ental 
natu re or due to the characteristics o f particu lar types o f equipm ent.

R E F E R E N C E S

R O S E N B A U M , A. S. and G L A V E , F. E. [January, 1974] An error probability  upper-bound for coherent phase shift keying with  
peak-lim ited  interference. IE E E  Trans. C om m . Tech., V ol. C O M -22, 1, 6-16.

A N N E X  I

PR O PO SED  TEX T O F A N EW  R E C O M M E N D A T IO N

M A X IM U M  A L L O W A B L E  V A L U E S O F IN T E R F E R E N C E  FR O M  T H E  

F IX E D -SA T E L L IT E  SE R V IC E  IN T O  T E R R E ST R IA L  R A D IO -R E L A Y  SY ST E M S  

E M P L O Y IN G  D IG IT A L  M O D U L A T IO N  FO R  T E L E P H O N Y  A N D  S H A R IN G  T H E  SA M E  

F R E Q U E N C Y  B A N D  BELO W  15 G H z

(Question 17/9)

The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and the fixed service share m any frequency bands below 15 G H z;

(b) tha t m any radio-relay systems em ploying digital m odulation  for telephony are operational or are p lanned  
for operation  in these shared bands;

(c) that it is necessary to specify m axim um  allow able interference into the terrestrial service to determ ine the 
m axim um  pow er flux-density from  com m unication satellites which can be allowed at the surface of the Earth, and 
to determ ine whether specific locations for satellite earth  stations and  terrestrial radio-relay stations w ould be 
satisfactory;

(d) that the allow able perform ance objectives and availability objectives are given respectively in R ecom m en­
dation  594 and R ecom m endation 557 for digital radio-relay systems;

(e) that the allow able degradations in perform ance and availability o f a terrestrial digital radio-relay system 
due to interference from  satellite systems o f the fixed-satellite service should be expressed as a perm issible fraction 
o f the total allow able degradation  in perform ance and  availability,
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that systems in the fixed-satellite service and digital 8-bit PCM telephony radio relay systems should be 
designed in such a m anner that, in the 2500 km H R D P defined in R ecom m endation 556, the perm issible 
degradation in perform ance and availability resulting from the aggregate o f the em issions o f earth stations and 
space stations o f the fixed-satellite service, including associated telem etering, te lecom m and and tracking transm it­
ters operating  in accordance with R ecom m endation 358 should not exceed the following provisional limit set for 
the short-term  criteria as generally being the lim iting case:

1. the interference emissions should not cause the bit error ratio to exceed 10” 2 for more than 0.005% of any 
m onth. Integration time 1 second.

Note 1. — A limit for the long-term criteria is still under study within the CC IR .

Note 2. -  The limit proposed is based on the best knowledge currently available but is subject to review in the 
light o f further studies.

R E C O M M E N D S

R E C O M M E N D A T IO N  358-3

M AXIM UM  PERMISSIBLE VALUES OF POWER FLUX-DENSITY AT THE SURFACE 
OF THE EARTH PRODUCED BY SATELLITES IN THE FIXED-SATELLITE SERVICE 

USING THE SAME FREQUENCY BANDS ABOVE 1 GHz 
AS LINE-OF-SIGHT RADIO-RELAY SYSTEM S

(Question 2 /4 )
(1963-1966-1974-1982)

The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and line-of-sight radio-relay systems share frequency bands;

(b) that, because of such sharing, it is necessary to ensure that em issions from  satellites do not cause harm ful 
interference to line-of-sight radio-relay systems;

(c) that radio-relay systems can be satisfactorily protected from the em issions from satellites by placing 
suitable limits on the power flux-density, set up at the surface o f the Earth, in a reference bandw idth;

(d) that, nevertheless, any lim itations of the power flux-density set up at the surface o f the Earth should not 
be such as to place undue restrictions on the design o f systems in the fixed-satellite service;

(e) that for systems in the fixed-satellite service, m ethods o f carrier-energy dispersal can be em ployed to 
reduce the radio-frequency spectral power density of satellite em issions;

( f )  that calculations in recent studies dem onstrate that pow er flux-density lim its can generally be increased 
with increasing frequency and still provide adequate protection to line-of-sight radio-relay systems,

U N A N IM O U S L Y  R E C O M M E N D S

1. that, in frequency bands in the range 2.5 to 23 G H z shared between systems in the fixed-satellite service
and line-of-sight radio-relay systems, the m axim um  pow er flux-density produced at the surface of the Earth by 
em issions from  a satellite, including those from a reflecting satellite, for all conditions and m ethods o f 
m odulation, should not exceed:

in the band  2.5 to 2.690 GH z, in any 4 kHz band

-1 5 2 dB (W /m 2) for 0 < 5'
-  152 +  0.75 (0 - ■ 5) dB (W /m 2) for 5° <  0 < 25'
- 1 3 7 dB (W /m 2) for 25° < 0 < 90'

in the band  3.4 to 7.750 GHz, in any 4 kHz band

- 1 5 2 dB (W /m 2) for 0 < 5'
- 1 5 2  +  0.5 (0 - 5) dB (W /m 2) for 5° < 0 < 25'
- 1 4 2 dB (W /m 2) for 25° < 0 < 90'
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1.3 in the band  8.025 to 11.7 G H z, in any 4 kH z band:

- 1 5 0  dB (W /m 2) for 0 <  5°.
- 1 5 0  +  0.5 (6 -  5) dB (W /m 2) for 5° <  0 <  25°
- 1 4 0  • dB (W /m 2) for 25° <  0 <  90°

1.4 in the band  12.2 to 12.75 G H z, in any 4 kH z band:

- 1 4 8  dB (W /m 2) for 0 <  5°
- 1 4 8  +  0.5 (0 -  5) dB (W /m 2) for 5° <  0 <  25°
- 1 3 8  dB (W /m 2) for 25° <  0 <  90°

1.5 in the band  17.7 to 19.7 G H z, in any 1 M H z band:

-1 1 5  dB (W /m 2) for 0 <  5°
-1 1 5  +  0.5 (0 -  5) dB (W /m 2) for 5° <  0 <  25°
-1 0 5  dB (W /m 2) for 25° <  0 <  90°

where 0 is the angle o f arrival o f the radio-frequency wave (degrees above the horizontal);

2. tha t the aforem entioned limits relate to the pow er flux-density and angles of arrival which would be 
obtained under free-space propagation  conditions.

Note 1. — Definitive lim its applicable in shared frequency bands are laid dow n in Nos. 2561 to 2580.1 o f 
Article 28 o f the Radio Regulations. The C C IR  is continuing its study o f these problem s, which may. lead to 
changes in the recom m ended limits.

Note 2. — U nder Nos. 2581 to 2585 o f the Radio R egulations, the pow er flux-density limits in the band  17.7 
to 19.7 G H z shall apply provisionally to the band  31.0 to 40.5 G H z until such tim e as the C C IR  has recom ­
m ended definitive values, endorsed by a com petent A dm inistrative C onference (No. 2582.1 o f the R adio 
Regulations). •

R E PO R T  386-3

DETERMINATION OF THE POWER IN ANY 4 kHz BAND RADIATED TOWARD THE 
HORIZON BY EARTH STATIONS OF THE FIXED-SATELLITE SERVICE 

SHARING FREQUENCY BANDS BELOW 15 GHz WITH THE TERRESTRIAL SERVICES

(Question 2 /4 )

(1966-1970-1974-1982)

1. Requirements of systems in the fixed-satellite service

In considering a lim it on the permissible horizontally  radia ted  pow er o f earth stations, it is im portan t to 
bear in m ind the needs o f systems in the fixed-satellite service that can reasonably be foreseen. This m ust include 
systems for m ulti-channel telephony, television and  sound. The use o f telephony channels to  convey signals such 
as voice-frequency telegraphy, data and tones for test and signalling purposes m ust be taken into account, where 
this affects the m axim um  pow er to be transm itted in any 4 kHz band. This bandw idth is appropriate  for the 
protection o f analogue angle-m odulated radio-relay systems against interfering signals. Any lim it o f pow er so 
established m ust be suitable for the various m ethods o f m odulation , num bers o f telephone channels and 
earth-station  an tenna sizes that might be used. It is also necessary to consider the characteristics o f the satellites 
which may be used, including the apportionm ent o f noise and  the satellite an tenna gain. O perational requirem ents 
for m argin and carrier energy dispersal also bear significantly on the final result.

2. Equivalent isotropically radiated power (E.i.r.p.) of earth-station main beam

C onsideration  is given to the power requirem ents for two types o f m ulti-channel telephony system which 
are illustrative o f those likely to require the highest value o f transm itted  pow er in any 4 kHz band. The 
requirem ents for frequency-m odulated television tran sm iss io n ' are not thought likely to exceed the values for 
equal-baseband telephony transm issions, assuming tha t suitable energy dispersal techniques are being em ployed.
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General equations are presented for the determ ination  o f acceptable levels o f radia ted  powers o f earth  
stations. The actual powers may be calculated by substituting the values appropria te  to the satellite system under 
consideration.

2.1 Frequency-modulation systems

The required total signal power, Pr, at the input to a satellite receiver is given by:

Pr = S / N  +  10 log ( kTb)  -  P -  20 log ( f r/ f m) dBW  (1)

where

S / N :  signal-to-noise pow er ratio corresponding to an assum ed up-path  noise contribu tion  in a band  o f 
w idth b (usually a telephone channel) (dB),

k :  B oltzm ann’s constant, 1.38 x 10-23 J /K ,
T : noise tem perature o f satellite receiving system (K),

b : bandw idth  o f a channel considered (Hz). For a telephone channel b - 3100 Hz,
P : pre-em phasis im provem ent (dB),
f r : r.m.s. channel test tone (0 dBmO) deviation (M Hz),

f m : top  baseband frequency (MHz).

To realize the required carrier pow er at the satellite input an earth  station may have to radiate an e.i.r.p., 
Ds, in a 4 kHz band  o f up  to:

Ds = Pr — (28 +  10 log dF)  +  M u -  20 log (X/4n R)  -  Gr + 3 dBW  (2)

where

the 3 dB accounts for light loading conditions when spectrum  dispersal techniques are applied  according 
to R eport 384, § 4,
M u : up-path  transm ission m argin (dB),

X : wavelength o f carrier frequency (m),

R  : range to satellite (m),
Gr : receive gain o f satellite an tenna (dB).

The second term  in the expression for Ds establishes the highest occurring ratio between the pow er in a 
4 kHz band  and the to tal carrier pow er (see R eport 384, Annex I, § 1), under the assum ption that the spectral 
distribution  of the radio-frequency signal is G aussian with a m ulti-channel r.m.s. deviation of:

dF  =  f r L  M Hz (3)

where

L  =  0.178 i/n,
n = num ber o f telephone channels considered.

Dispersal techniques are currently under study which are intended to lim it spectral densities from  reaching 
significantly higher values under light loading conditions.

2.2 Single-sideband, amplitude-modulation systems ( S S B / A M )

For an SSB /A M  system, the pow er per channel to be received at the satellite input is given by:

Pr = S / N  + 10 log ( kTb)  dBW  (4)

which, with the usual channel spacing o f 4 kHz, yields the required earth  station e.i.r.p. in a 4 kHz ban d  from :

D , =  P r- 20 log +  M u dBW  (5)

for a 0 dBmO exciting signal. It should be noted that there is considerable variation o f speech signal pow er am ong 
the telephone circuits, but it is considered appropriate  to take a value o f 0 dBmO as the m axim um  pow er in a 
telephone channel, averaged over an integrating tim e o f a few seconds.

3. Power radiated toward the horizon, in any 4 kHz band

Since earth stations will usually take advantage o f site shielding, knowledge o f radia ted  pow er in the 
horizontal plane, as previously defined, is o f lim ited practical interest. Instead, to describe m ore clearly the 
rad ia tion  characteristics o f an earth  station, the effective radiated pow er tow ard the physical horizon, in any 
4 kH z band, should be determ ined and  stated.
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It is necessary to determ ine the smallest occurring angle cp between the m ain beam of an an tenna and the 
physical horizon, since a decrease o f this angle is accom panied by a prohibitive increase in the noise tem perature 
of the receiving system and , at m any locations, in depth o f fade, a m inim um  value o f (p = 1 °  is stipulated.

G iven the m inim um  angle o f elevation, e, o f the main  beam  o f the earth station, then cp is to be com puted 
from  cp =  £ — 0£, where 0 £ is the angle o f elevation o f the horizon at the same azim uth for which e occurs. All 
angles are in degrees.

W ith cp given, the e.i.r.p. tow ard the horizon, in any 4 kH z band , may be com puted:

E„ =  Ds -  Gs +  32 -  25 log cp dBW , for (1° <  cp <  48°) . (6)

=  Ds — Gs — 10 dBW , for (48° <  cp <  180°)

where Gs is the m axim um  an tenna gain o f the earth  station.

The expression for E H is derived from  an equation describing large-aperture earth-station an tenna patterns 
given in R eport 391, and the same reservations as to the validity o f the equation  apply as stated therein. In 
particular, for some values o f cp the real an tenna gain com ponent may exceed the corresponding value o f the 
equation  by several decibels.

The angle o f elevation o f the horizon, 0 £ , should be determ ined from  at least the centre altitude o f the 
antenna.

Figure 1 shows the e.i.r.p. tow ards the horizon as a function  o f the angle o f discrim ination with the input 
pow er-density to the an tenna in any 4 kHz band , Ds — Gs, as a param eter.

Angle o f  discrim ination, <p =  e - 0 £ (degrees) 

F i g u r e  1

E .i.r .p . towards the horizon as a function o f  the angle o j discrimination, cp 

D s - G s (dBW ) parameter
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Values o f Ds — Gs not coinciding with any o f the curves shown may be in terpolated  linearly in the decibel 
dom ain. A nnex I provides two representative exam ples for the derivation  o f values o f Ds — Gs.

In the horizontal plane a value of e.i.r.p. o f about 35 dBW  in any 4 kHz band  for an an tenna operating at 
a m ain beam  elevation angle o f 3° is generally sufficient for the operation  o f curren t systems in the fixed-satellite 
service. Some m argin is required, however, to allow for future systems such as those using sm aller diam eter 
antennas, higher channel capacities and  different m ethods o f m odulation . The lim its which were established at the 
W orld A dm inistrative Radio Conference, G eneva, 1979, appear to meet these requirem ents.

Specific limits for the e.i.r.p. o f earth stations are laid down in Nos. 2540 to 2548.1 o f Article 28 o f the 
R adio Regulations.

4. Consideration of modulating signals other than telephone channels, or of types of modulation other than
frequency modulation or single sideband

W here an earth  station is being built to be used exclusively w ith systems in the fixed-satellite service using 
m odulating signals other than telephone channels, in particu lar television, o r using m ethods o f m odulation  other 
than frequency-m odulation or single-sideband, calculation o f values for Ds may be restricted to such m odulating 
signals or m ethods of m odulation.

A N N E X  I

The follow ing exam ples serve to illustrate the use o f the equations with assum ptions o f representative 
param eter values for a 1200 channel system in the fixed-satellite service:

Parameter f d m / f m s s b / a m

S /N  u p  (dB) ( x) 5 6 0 56(1)

T  (K) 1500 1500

P  (dB) 2-5

f r  (MHz) 1-1

fm  (MHz) 5-0

P r (dBW) - 9 5 - 1 0 6

dF  (MHz) 6-8

M u (dB) 3-0 3-0

X ( m ) 5 X lO -2 5 X lO -2

R  (m) 4'16 x  107 4-16 x  107

Gr (dB) 13-0 13-0

D s (dB(W/4 kH z)) 62-1 84-4

Gs (dB) 64-0 64-0

Ds — Gs (dB(W/4 kHz)) _ 2 2 0

0  Corresponding to an up-path noise contribution o f  1400 pW .
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R E PO R T  387-4

PROTECTION OF TERRESTRIAL LINE-OF-SIGHT RADIO-RELAY SYSTEM S  
AGAINST INTERFERENCE DUE TO EM ISSIO NS FROM SPACE STATIONS  

IN THE FIXED-SATELLITE SERVICE IN SHARED FREQUENCY BANDS
BETWEEN 1 AND 23 GHz

(Study Program m e 2A /4)

(1966-1970-1974-1978-1982)

1. Introduction

Em issions from  space stations will give rise to interference in terrestrial radio-relay systems in shared 
frequency bands. U nw anted energy capable o f producing interference will enter to varying degrees through the 
m ain beam  or the side lobes o f the an tennas o f the terrestrial stations which com prise a radio-relay system.

W hile it w ould be possible to com pute the interference effects from  the em issions o f a given space station 
on a single radio-relay system, the calculation o f cum ulative interference effects from  m any space stations upon  
each o f the large num ber o f radio-relay systems in existence and yet to be im plem ented, is an im practical task. 
Therefore, and in view o f the com parative uniform ity o f the characteristics o f line-of-sight radio-relay systems, it 
has been found possible to provide protection for terrestrial radio-relay systems by placing general restrictions on 
the em issions from  space stations.

The restrictions are expressed in term s o f values o f m axim um  perm issible pow er flux-density in a reference 
bandw idth , produced at the surface of the E arth  by the em issions o f any one space station under assum ed 
free-space conditions.

In determ ining values o f m axim um  perm issible pow er flux-density, the following criteria are taken as 
objectives:

— the values should be low enough to avoid exceeding the recom m ended limits o f m axim um  perm issible 
interference to  existing and future terrestrial radio-relay systems using the same frequencies;

— the values m ust be high enough to allow satisfactory operation  o f space com m unications systems.

2. Method of determining the maximum permissible power flux-density

2.1 Interference criteria

For the determ ination  o f values o f m axim um  perm issible pow er flux-density, the lim its o f m axim um  
perm issible interference in a telephone channel laid dow n in R ecom m endation 357 for line-of-sight radio-relay 
systems using analogue angle-m odulated m ultichannel telephony have been used. For such systems, operating 
generally below about 15 G H z, it has been shown that a reference bandw idth  o f 4 kH z is appropriate  when 
considering the effect o f unw anted signals at the input o f the receivers o f the terrestrial stations o f the C C IR  
hypothetical reference circuit.

The m axim um  allow able values of interference o f R ecom m endation 357 are adequate to protect such 
radio-relay systems carrying television signals.

In the absence o f any recom m endation for line-of-sight radio-relay systems carrying digital signals at 
frequencies above 15 G H z over a single transm ission path  with negligible Rayleigh fading, it may provisionally  be 
assum ed that the carrier-to-total interference ratio  for all but 20% of the tim e should exceed a value o f 30 dB at 
the input o f any one terrestrial radio-relay receiver, and  tha t for a small percentage o f the tim e during which the 
desired signal m ay be attenuated , m ainly by rainfall, the total interference pow er present at the input o f any one 
terrestrial radio-relay receiver shall not exceed 10% of the therm al noise pow er at that point. * Since digitally- 
m odulated  signals have been shown to be affected by the total interference pow er within the occupied bandw idth , 
and  since practical bandw idths are likely to be large, a reference bandw idth  o f 1 M H z has been adopted.

2.2 System s models

To assess the interference effects o f the em issions from  space stations on terrestrial line-of-sight radio-relay 
systems, bearing in m ind the foreseeable expansion and  developm ent o f both space and terrestrial systems, 
app rop ria te  m odels for both types o f systems need to be postulated.

The provisional value o f  30 dB is based on d igital four-phase PSK  system s w hich are m ainly used at present. For eight- or 
sixteen-phase system s which m ight be used in the future, this value m ay have to be reconsidered.
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2.2.1 M odel parameters fo r  a terrestrial line-of-sight radio-relay system

The technical characteristics o f model line-of-sight radio-relay systems are described by the 
param eters listed in Annexes I and II.

In systems carrying angle-m odulated analogue m ulti-channel telephony, both  the therm al noise and 
the interference power (pre- as well as post-detection) may be assum ed t o . be additive over all single 
transm ission paths com prising the system. This assum ption -cannot be m ade for systems carrying digital 
signals.

2.2.2 Orbit m odel parameters fo r  space systems ■

O f concern are only the characteristics o f transm itting space stations. In view o f the invariance o f 
the geom etry between a given terrestrial radio-relay system and  a space station in the geostationary-satellite 
orbit, the most stringent interference condition is expected to result w hen, as m ust be assum ed, one or 
more geostationary space stations are positioned within the m ain beam s o f terrestrial receiving stations 
com prising a radio-relay system.

It has therefore been concluded that the space system m odel should best be represented by 
transm itting space stations populating  the entire geostationary-satellite o rb it visible to a terrestrial system 
and  positioned at uniform  intervals (geometric angular spacing o f 3 and  6 degrees o f arc, representing two 
cases o f different severity). '

The effect o f interference o f em issions from  space stations in non-geostationary  satellite orbit are 
considered in § 4. ' .

2.3 Angle dependence o f  power flux-density limits .

Radio-relay antennas are norm ally pointed in a nearly horizontal direction. Hence, norm ally, their greater 
sensitivity is to interfering power flux arriving in directions tangential (or nearly so) to the E arth ’s surface. As the 
angle o f arrival o f the interference increases, the .rad ia tion  patterns o f the radio-relay an tenna provides increasing 
discrim ination. C onsequently, the pow er flux-density may be allow ed to increase with the angle o f arrival. In 
determ ining the extent o f the allow able increase, due account has been taken o f  the characteristics o f  certain types 
of radio-relay antennas, e.g., periscope antennas which exhibit poor side-lobe d iscrim ination  at angles o f up to 90° 
from  the m ain beam  axis.

The various studies made [May and Pagones, 1971] show that a relation  between perm issible pow er 
flux-density* and angle o f arrival o f the general form  shown in Fig.- 1, is acceptable as far as protection o f 
radio-relay systems is concerned. The higher pow er flux-density perm itted at large angles of arrival is also 
generally o f benefit to systems in the fixed-satellite service using narrow  beam  antennas. However, since a satellite 
m ust com ply with the pow er flux-density limits at all angles of arrival, it is no t always practicable to design 
satellite antennas which can fully exploit the relaxation o f the pow er flux-density lim its at higher angles o f 
elevation.

0, angle of elevation above, horizontal

FIGURE 1 -  Power flux-density limit vs. angle o f arrival
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2.4 In te r fe re n c e  a n a ly s is

While the characteristics o f terrestrial line-of-sight radio-relay systems are well known or can be fairly well 
anticipated, the specific shape and the absolute levels o f the generically derived power flux-density d iagram  of
Fig. 1 had to be further investigated. Specific limits can be defined in term s o f the following param eters:

— the range o f increase (i.e., the actual values of m axim um  perm issible power flux-density for low and for high 
elevation angles, the levels F, and F2 , respectively, o f Fig. 1);

— the rate of increase (i.e., the slope of the line in dB /degree between the elevation angles 0, and 0  ̂ o f Fig. 1);

— the values o f the angles o f arrival 0, and 02.

The m ethod followed in the statistical analyses is outlined in A nnex I.

2.5 F re q u e n c y  d e p e n d e n c e  o f  p o w e r  f lu x -d e n s i ty  l im its

As frequency increases from 4 to about 23 G H z, a num ber o f factors have to be taken into account for the 
derivation o f power flux-density limits:

-  The receiving system noise tem peratures in terrestrial model systems are expected to increase with frequency. 
Due to beam w idth restrictions in practice, the associated an tenna gains are not likely to increase m uch 
beyond m axim um  values in present use at the lower frequencies. Fading, particularly  at frequencies above 
10 G Hz, will increasingly be due to absorption by rain for small percentages o f the time. W hen fading is due 
to rain, a certain correlation between the w eakening o f the w anted and the interfering signal can be expected, 
especially for on-beam  exposures. These factors tend to increase the tolerable pow er flux-density. On the o ther 
hand, radio-relay systems may use lower feeder losses which would tend to reduce the perm issible lim it on 
power flux-density. The net effect of these considerations results in power flux-density lim its which are only 
slightly higher in the frequency range 10 to 15 G H z, than those for frequencies below 10 GHz.

— At frequencies above about 15 GH z, terrestrial systems are likely to use digital m odulation. A lthough for such 
systems the interference-additive characteristic o f systems carrying analogue angle-m odulated signals is no 
longer applicable, the generally lower sensitivity to interference of digital systems allows a substantial 
relaxation in the values of m axim um  perm issible pow er flux-density. At such frequencies, furtherm ore, the 
fading will be m ainly due to rain attenuation , and correlation between w anted and interfering signals will be 
appreciable. In addition, atm ospheric absorption  over the interference path from  a space station becom es 
substantial, in particular for low angles o f arrival which include main beam  exposures. Annex II shows the 
derivation o f values for power flux-density at about 20 GHz.

3. Limits of power flux-density

Based on the discussions in the preceding sections, it is considered that the likelihood of unacceptable 
interference from space stations into terrestrial line-of-sight radio-relay systems is small with the limits given 
below:

— In frequency bands between 1 and about 23 G H z, the frequency bands shared between the fixed-satellite 
service and the fixed service are indicated in Article 8 o f the Radio Regulations, shared between systems in 
the fixed-satellite service and terrestrial line-of-sight radio-relay systems, the m axim um  pow er flux-density 
produced at the surface of the Earth by em issions from any one space station for all conditions and all 
m ethods of m odulation should not exceed the values given in Table I.

4. Interference from space stations in non-geostationary orbits

For systems utilizing transm itting space stations in random ly disposed orbits, and so long as orbital space 
is not very densely populated  with such space stations, interference contributions to terrestrial radio-relay systems 
through their an tenna main beams is transitory and from a statistical point o f view probably acceptably small 
[Cham berlain and M edhurst, 1964],

Studies o f possible interference from space stations in 12-hour elliptical inclined orbits at 4 G Hz have 
indicated that the limit o f Recom m endation 358 would be adequate.
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TABLE I — Limits o f power flux-density (!)

Frequency range
Limit of power flux-density 

dB (W/m2)
(GHz)

0 <  5° (2) 5° <  0 «£ 25° 25° <  0 <  90° Reference
bandwidth

1.7-2.5 (3) -  154 -  154 + 0.5 (0-5) -  144
2.50-2.69 -  152 -  152 + 0.75 (0-5) -  137 in any 

4 kHz
3-8 -  152 -  152 + 0.5 (0-5) -  142 band
8-11.7 -  150 -  150 + 0.5 (0-5) -  140

11.7-15.4 -  148 -  148 + 0.5 (0-5) -  138
15.4-23 -  115 -  115 + 0.5 (0-5) -  105 in any 

1 MHz 
band

(') Under Nos. 2581 to 2585 of the Radio Regulations, the power flux-density limits in the band 17.7 to 19.7 GHz 
shall apply provisionally to the band 31.0 to 40.5 GHz until such time as the CCIR has recommended 
definitive values, endorsed by a competent Administrative Conference (No. 2582.1 of the Radio Regula­
tions).

(2) 0: the angle of arrival of the wave (degrees above the horizontal).
(3) No frequency bands are at present allocated in the Radio Regulations to the fixed satellite service between 1.7 

and 2.5 GHz.

For other inclined orbits, the conclusions regarding random ly-disposed orbits w ould most likely apply, 
with sim ilar safeguards, so long as the earth tracks are not repetitive in the short term . Space stations in 
non-geostationary equatorial orbits, because o f their relative systematic m ovem ent might well, in toto, produce 
excessive interference to terrestrial radio-relay systems through the occurence o f m any contribu tions through the 
main beams. It should be noted that in the selection of sites for radio-relay stations no account is taken of 
satellites using such orbits and any requirem ents to do so would im pose an unacceptable constrain t.

5. Effect of the power flux-density limits on the operation of space systems

A brief assessm ent o f the usefulness o f space station em issions which com ply with the lower limits o f § 3 is 
given below.

The following characteristics typical o f relatively simple receiving earth stations are assum ed:

TABLE II

Frequency band 

(G H z)

Antenna diameter 

(m)

Antenna gain 

(dB)

R eception system  
noise temperature 

(K)

4 7 .5 47 500
12 6 .0 55 700
20 4 .5 57 1000
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Assum ing free-space conditions and m axim um  allow able pow er flux-derisity for low elevation angles, the 
receiver pow er density can be com pared with the therm al noise power' density, at the input to the earth  station 
receiver. Assum ing further wide deviation angle m odulation  or digital m odulation (G aussian and raised cosine 
spectrum  shapes, respectively), about 4 dB need be subtracted from  the ca rrie r/no ise  density ratio, leaving the 
available undegraded ca rrie r/no ise  ratio.

TABLE III

Frequency band 
(G H z) Carrier spectral density N oise spectral density Carrier/noise ratio 

(dB )

4 . - 1 3 7 . 5  dB (W /4 kHz) - 1 6 5 . 5  dB (W /4 kH z) 2 4 .
12 -  1 3 7 .0  dB (W /4 kHz) — 164 . 0 dB (W /4 kHz) 23
20 - 1 0 4 . 5  dB (W /M Hz) - 1 3 8 . 5  dB (W /M Hz) 30

At frequencies below about 15 G H z in which wide deviation angle-m odulated signals are ‘used, the 
resulting m argin appears to be quite adequate. At frequencies above 15 G H z in systems using’digital m odulation , 
these ca rrie r/n o ise  ratios are only m arginally useful for the assum ed system param eters.

In some cases higher values o f ca rrie r/no ise  ratio m ay be desirable. In such cases the higher pow er 
flux-density limits associated with the greater elevation angles o f arrival are o f considerable value in connection 
with narrow -beam  space station an tennas; see Annex III.

6. Further considerations

The preceding deliberations are based, in part, on the interference allow ance o f Recom m endation 357, on 
the assum ption that this interference allowance w ould be wholly taken up by transm itting space stations, and on 
the assum ption that the actual num ber o f terrestrial-stations’ an tennas pointed at .the geostationary-satellite orbit is 
sm all and  in reasonable agreem ent with statistical models.

If  it were decided to use up- and dow n-path  frequency assignm ents in space systems in an optionally  
interchangeable fashion, part of the interference allow ance o f R ecom m endation 357 would have to be allocated to 
interference from  earth stations which would lead to a corresponding reduction in the perm issible pow er 
flux-density from  space stations.

In addition, the studies referred in § 2.3 were m ade assum ing an tenna radiation  diagram s o f the form  in 
R eport 614. These patterns are appropria te  for circular apertures tha t display com plete symmetry. However, some 
types o f terrestrial radio-relay antennas do not exhibit circularly sym m etrical rad ia tion  patterns and the patterns 
can be assum ed to be sim ilar to the reference patterns o f R eport 614 only in the horizontal plane. Since the 
interference from  space stations is received in all planes, .additional studies are necessary. These studies were 
recently m ade [Butzien, 1981] with a com plete three-dim ensional characterization o f the pyram idal horn-reflector. 
The conclusions were sim ilar to previous studies [M ay and Pagones, 1971]. Specifically, the limits given in § 3 
adequately protect radio-relay systems, but the allow able interference may be exceeded in a small percentage of 
sensitive systems.

It should be noted that if  the m ain beam s o f terrestrial antennas avoid pointing within 1° o f the 
geostationary-satellite orbit, the potential o f interference from  space stations may be greatly reduced.

R E F E R E N C E S

B U T Z IE N , P. E. [January, 1981] R adio system  interference from  geostationary satellites. IE E E  Trans. Com m ., Vol. C O M -29, 1, 
33-40.

C H A M B E R L A IN , J. K. and M E D H U R S T , R. G. [M arch, 1964] M utual interference betw een com m unication  satellites and  
terrestrial line-of-sight radio-relay system s. Proc. I EE, Vol: 111, 3, 524-534.

M A Y , A. S. and P A G O N E S , M. J. [January, 1971] M odel for com putation  o f  interference to radio-relay system s from  
geostationary satellites. BSTJ, Vol. 50, 1, 81-102.



Rep. 387-4 37

A N N E X  I

D E T E R M IN A T IO N  O F POW ER F L U X -D E N S IT Y  LIM IT S IN  

T H E F R E Q U E N C Y  B A N D  BE T W E E N  1 A N D  10 G H z

1. Introduction

To investigate the effect o f different power flux-density lim its on the feasibility o f frequency sharing 
between transm itting  space stations in the geostationary-satellite o rb it and  terrestrial line-of-sight radio-relay 
systems, a statistical approach  has been adopted by various adm inistrations.

2. Evaluation method

C alculations m ade assume random ly located radio-relay systems o f the length o f the C C IR  hypothetical 
reference circuit. The m ean system latitude and, in some cases, the m ean system end-to-end azim uth, has been 
varied and certain distributions o f elevation angle and azim uth of terrestrial-station an tenna m ain beam s around  
the m ean system azim uth have been assumed.

W ith various assum ed pow er flux-density limits, the aggregate interference from  satellites spaced every 3°, 
and every 6°, all producing the full assum ed pow er flux-densities for all angles o f arrival on model terrestrial 
systems, has been com puted.

A bsolute values o f pow er flux-density have been selected in such a way that:

— a reasonable increase with the higher angles of arrival could be to lerated;

— non-geostationary and  geostationary space stations could be accounted for under the same pow er flux-density 
lim its;

— the m axim um  perm issible interference pow er of R ecom m endation 357 w ould be exceeded only in a relatively 
small fraction ( «  10%) o f the “high sensitivity” terrestrial systems, and som ew hat lesser percentage for 
“average sensitivity” systems.

3. Model systems

The technical characteristics representative o f radio-relay systems on which the analyses have been 
perform ed are shown in Table IV below:

TABLE IV — Assumed parameters for model radio-relay systems

Frequency 2 .5  G H z 4 G H z 4 G H z

Type o f  system High sensitivity Average sensitivity High sensitivity

Hop length (km) 60 50 50
Antenna gain (dB ) 38 40 42
Feeder loss (dB ) 3 3 3
Rec. syst. noise temp. (K) 750 1750 750
Channel thermal noise power per hop 

(pWOp) 25 25 10 and 25

R adiation  diagram s o f the general form  shown below have been assum ed for the terrestrial station 
antennas:

G (q>) =  G) — 25 log (p dB, for (p0 <  tp <  (p, m
=  G2 dB, for (p, <  (p <  180°

where (p =  angle, in degrees, from  the m ain beam  axis.

4. Results of the calculations

The calculations indicate that the pow er flux-density limits given in § 3 o f this R eport w ould protect the 
average sensitivity model radio-relay systems adequately but would, in some cases, exceed the allow able values o f 
R ecom m endation 357 in the highly sensitive m odel systems.
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5. Effects of the variability with time of the wanted and unwanted signal levels

The variability with time to which both the wanted and unw anted signals may be subject has been taken 
into account to some degree. For exam ple, calculations assum ing Rayleigh fading to occur during 'A o f the m onth  
indicate that the power flux-density lim its given in Table I o f this R eport, for the 3 to 8 G H z frequency range 
would introduce 50 000 pWOp of noise in a telephone channel of a m odel 4 G H z radio relay system from about
0.003% to about 0.02% of the time, depending on system latitude. The model radio-relay system was assum ed to 
have 1 : 1 switched diversity protection every 5 hops, and the model satellite system was assum ed to have satellites 
spaced at 3°, each producing the allow able power flux-density at all angles o f arrival.

M ore detailed study o f these effects is desirable.

A N N EX  II

L IM IT A TIO N  O F PO W E R  F L U X -D E N S IT Y  A T TH E S U R F A C E  O F T H E  EA R TH  

FRO M  C O M M U N IC A T IO N  SA TE LLITE S O P E R A T IN G  A T A B O U T  20 G H z

This Annex describes, as an exam ple, a representative interference m odel from  which the pow er 
flux-density limits for low and high angles o f elevation are derived. It is assum ed that the same dependence on 
angle o f arrival is applicable at the lower frequencies.

1. Characteristics of the model

As a basis for the calculations a m odel 4 O-PSK digital link is assum ed, the param eters o f which are listed
below:

— 50 mW ( —13 dBW ) transm itter power,

— 4 dB transm ission feeder loss,

— antennas o f 1 metre diam eter (about 43.5 dB gain and 0.4 m 2 effective area),

— 138 dB free space loss (10 km),

— 400 M Hz bandw idth,

— 5 dB receiver noise factor.

In this model the standard  received power is —68 dBW , and the therm al noise level is —112.8 dBW.

In addition , the following assum ptions are m ade:

— 3 degree satellite spacing, in which case about 50 satellites would appear on or above the horizon,

— 3 dB atm ospheric absorption for the in-beam  interference exceeded for m ore than 80% o f any m onth,

— — 3 dB average an tenna side-lobe gain for off-beam  entries,

— the average power flux-density from  50 satellites is 3 dB lower than  the perm issible value.

2. Power flux-density limits

First, the in-beam interference is considered, which determ ines the to lerable pow er flux-density at low 
angles o f elevation. In the case where the w anted radio-relay signal is attenuated  under severe rainfall conditions, 
the interfering signal from satellites is also attenuated ; and because the p ropagation  path o f the latter through the 
atm osphere is longer, the attenuation  is generally greater than that o f the w anted signal. Therefore, under norm al 
p ropagation  conditions, and on the assum ption that the desired-to-undesired signal ratio should be at least 30 dB, 
the m axim um  perm issible interference is:

_ 6 8  - 3 0  =  - 9 8  dBW  in 400 MHz.

Taking into account the effective area o f the antenna, the feeder loss at the receiver and converting the 
bandw idth  to 1 M Hz, the m axim um  pow er flux-density for in-beam  entries under free-space conditions is 
— 115 dB (W /m 2) in any 1 M Hz band.
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Next, off-beam  interference is considered. The perm issible pow er flux-density at high angles o f elevation is 
determ ined by the aggregate o f this interference. In this case, the objective for rainfall conditions is m ore severe 
than that for norm al conditions, and  calculations for these conditions are sufficient. On the assum ption that the 
perm issible power flux-density would be 10 dB lower than  the therm al noise level, the m axim um  allow able value 
o f pow er flux-density is —110.3 d B (W /m 2) in any 1 M Hz band.

As stated before, this lim it is the objective in the case where the desired signal is attenuated  m ore than 
30 dB on account o f rainfall, with an additional 6 dB attenuation  assum ed for the interfering signals. Accordingly, 
the permissible pow er flux-density w ould be —104.3 d B (W /m 2) in any 1 M Hz band.

A N N E X  III

U SE O F “SPO T BEAM " A N T E N N A S  O N  G E O S T A T IO N A R Y  SA T E L LIT E S

In order to benefit from  any increased pow er flux-density perm itted at high elevation angles, the satellite 
has to be equipped with an earth-oriented an tenna with a narrow  beam . In the case o f narrow  beam s pointing  
away from  the sub-satellite point (and thus close to the horizon) special precautions need to be taken in order that 
the satellite emissions should satisfy the power flux-density limit a t all elevations.

Basically, these precautions consist o f illum inating the surface o f the Earth with a sm aller pow er 
flux-density than the corresponding perm issible lim it at the beam  centre to ensure tha t the em issions arriving at all 
angles o f elevation satisfy the pow er flux-density limits.

Figure 2 shows the relationship between the tilt angle a  at the satellite (defined as the angle between the 
geocentric radius vector and  a ray to a point on the surface o f the Earth) and  the corresponding angle o f arrival 
above the horizon of the satellite emissions. Figure 3 shows representative m ain beam  patterns for satellite 
antennas. Three different beam w idths are shown:

TABLE V

3 dB beamwidth Antenna diam eter at 4 GHz
(degrees) (m )

2 2 .6
1 5 .2

0 .5 1 0 .4

The main beam  patterns shown are o f the general form

10 log ( G / G q) = - 1 2  (<p/(p0)2 dB (2)

where (p is the angle from the m ain beam  axis, and (p0 is the half-pow er beam w idth.

The solid curve in Fig. 4 shows the m axim um  pow er flux-density at the beam  centre which satisfies the
pow er flux-density limits shown at all elevation angles. A satellite an tenna with a 0.5° half-pow er beam w idth can
closely follow the rapid  change in this pow er flux-density limit at low angles o f arrival as the horizon is 
approached. Broader satellite beams pointing close to the horizon are lim ited by the pow er flux-density curve at 
the horizon.

Figure 4 also shows the loci of satellite an tenna beam  centres for various beam w idths. N ote that for a 
beam  o f given width, the flux-density at beam  centre m ust be lim ited as shown by these curves so that no portion  
o f the antenna beam  exceeds the lim it shown by the solid line.

These curves illustrate that satellite system designers may not be able to take full advantage o f all the
higher flux curves in every satellite at every angle o f arrival.
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A ngle o f  arrival above the horizon, in degrees 

F IG U R E  2 -  Tilt angle a  at the satellite versus angle o f  arrival above the horizon

A : <P0 =  2° B : <P0 =  1° C: <P0 =  0 .5 °
D -  2.6 m  D  =  5.2 m  D  =  10.4 m

FIG U R E 3 -  Representative main beam patterns fo r  satellite antennae
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FIG U R E  4 — M axim um  p ow er density at the centre o f  the beam without exceeding curve E

------------------- Loci o f  satellite antenna beam centres for various beamwidths for which the limit im posed by curve E is reached

  ------------Example o f  a 2° beam to fit within curve E

--------------------r E : Limit o f  power flux-density in 3 to 8 G H z band
A : Scale o f tilt angle at the satellite (degrees)
B : Scale o f  angle o f  arrival above the horizon (degrees)

R E C O M M E N D A T IO N  406-5

MAXIM UM  EQUIVALENT ISOTROPICALLY RADIATED POWER OF LINE-OF-SIGHT  
RADIO-RELAY SYSTEM  TRANSMITTERS OPERATING IN THE FREQUENCY BANDS  

SHARED WITH THE FIXED-SATELLITE SERVICE

(Question 17/9 and Study Program m e 2A /4)

(1966-1970-1974-1978-1982)
The C C IR ,

C O N S ID E R IN G

(a) that systems in the fixed-satellite service and  line-of-sight radio-relay systems share certain frequency bands 
in the range of 1 G H z to about 30 G H z;

(b) that, to avoid significant interference to reception in space station receivers, w ithout excessive transm itter 
powers at the earth  stations o f systems in the fixed-satellite service or excessively large antennas, it is necessary to 
define maxim um  allow able values for the equivalent isotropically radia ted  pow er o f line-of-sight radio-relay  
systems;

(c) that the m axim um  allow able values o f radiated  pow er should be such as not to place undue restriction on 
the design of line-of-sight radio-relay systems;
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'(d) that it is desirable that radio-relay systems should em ploy highly directional an tennas; .

(e) that it is necessary to avoid relatively constant excessive levels o f interference from  radio-relay  em issions
directed at satellites in the fixed-satellite service, and particularly  those in the geostationary-satellite o rbit;

( f )  that the radio-relay system planner often has a choice in routing new systems w ithout severe econom ic or
other penalties being incurred,

U N A N IM O U S L Y  R E C O M M E N D S

1. that in those frequency bands * between 1 and  10 GH z, shared between systems in the fixed-satellite 
service and line-of-sight radio-relay systems involving reception at the space station:

1.1 the pow er delivered to the an tenna input o f any such radio-relay system transm itter shall not exceed 
+  13 dBW ;

1.2 the m axim um  value o f the equivalent isotropically  radia ted  pow er o f any such radio-relay system 
transm itter shall not, in any case, exceed + 55  dBW ;

1.3 as far as practicable, sites for new transm itting  stations, em ploying m axim um  values o f equivalent 
isotropically radiated  pow er exceeding + 35  dBW  should be selected so that the d irection o f m axim um  rad ia tion  
o f any an tenna will be at least 2° away from the geostationary-satellite orbit;

1.3.1 if, in a particular case, this should prove im practicable, the m axim um  values o f equivalent 
isotropically radiated  pow er for each transm itter shall not exceed:

1.3.1.1 + 4 7  dBW  for any an tenna beam directed w ithin 0.5° o f the geostationary-satellite o rbit;

1.3.1.2 + 4 7  to + 55  dBW , on a linear decibel scale (8 dB per angular degree), for any an tenna  beam
directed between 0.5° and 1.5° o f the geostationary-satellite o rbit;

1.4 in new radio-relay systems built on existing rou tes**  the m axim um  values o f equivalent isotropieally  
radiated  pow er for each transm itter should not, as far as possible, exceed;

1.4.1 + 4 7  dBW  for any an tenna beam  directed w ithin 0.5° o f any location in the geostationary-satellite 
orbit which has been in ternationally  notified, or, if practicable, the geostationary  orbit (see N ote 4);

1.4.2 + 4 7  to + 5 5  dBW , on a linear decibel scale (8 dB per angular degree), for any an tenna  beam
directed between 0.5° and 1.5° o f any location in the geostationary-satellite orbit which has been
in ternationally  notified, or, if practicable, the geostationary orbit (see N ote 4);

2. that in those frequency bands * between 10 and 15 GH z, shared between systems in the fixed-satellite 
service and line-of-sight radio-relay systems involving reception at the space station:

2.1 the pow er delivered to the an tenna input o f any such radio-relay system transm itter shall not exceed 
+  10 dBW ;

2.2 the m axim um  value o f the equivalent isotropically radia ted  pow er o f any such radio-relay system 
transm itter shall not, in any case, exceed + 55 dBW ;

2.3 as far as practicable, sites for transm itting stations, em ploying m axim um  values o f equivalent isotropically  
radiated  pow er exceeding + 45  dBW  should be selected so that the direction o f m axim um  rad ia tion  o f any 
an tenna will be at least 1.5° away from  the geostationary-satellite orbit;

3. that in those frequency b an d s*  above 15 G H z, shared between systems in the fixed-satellite service and  
line-of-sight radio-relay systems involving reception at the space station:

3.1 the power delivered to the an tenna input o f any such radio-relay system transm itter shall not exceed 
+  10 dBW ;

3.2 the m axim um  value of the equivalent isotropically radia ted  pow er o f any such radio-relay system 
transm itter shall, in all cases, not exceed + 55  dBW ;

3.3 there shall be no restriction as to the direction o f m axim um  rad iation  (see N ote 6).

* The frequency bands concerned  are given in the R adio R egulations.

** For the purpose o f  this R ecom m endation , an existing route is regarded as one already p lanned  before the con clu sion  o f  the 
X lth  C C IR  Plenary A ssem bly, O slo 1966, and brought into service before 1 January 1973.
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Note 1. -  W hen calculating the angle between the direction o f the terrestrial-station  an tenna  m ain beam  and the 
direction tow ards the geostationary orbit, the effect o f atm ospheric refraction should be taken into account (see 
R eport 393).

Note 2. — Receiving stations in terrestrial systems operating  in frequency bands between 1 and  15 G H z shared 
with space systems (space-to-Earth) may benefit from  avoiding directing their an tenna  m ain beam s tow ards the 
geostationary orbit, if  their sensitivity is sufficiently high.

Note 3. — Definitive limits applicable in shared frequency bands are laid dow n in A rticle 27 o f the R adio
Regulations (Nos. 2502 to 2511.2). The C C IR  is continuing to study the question, and these studies may lead in
the future to a Recom m endation, that the limits should be revised. At the present tim e, no  changes are proposed 
to the limits as laid dow n in the R adio Regulations.

Note 4. — The operation  o f a radio-relay system established on an existing route and  exceeding the limits given 
in § 1.4.1 and 1.4.2 may, in view o f the characteristics o f the terrestrial and space systems involved, result in 
objectionable levels o f interference to a geostationary satellite whose position has been notified after the 
radio-relay system has been brought into service; in such a case the action to be taken with regard to both  systems 
to reduce such interference to a level which can be agreed by the adm inistrations concerned should be determ ined 
by consultation between those adm inistrations.

Note 5. — The above limits for the bands above 10 G H z should norm ally afford  adequate protection to digital
satellite systems using 8-bit PCM encoded telephony (see R eport 790).

Note 6. — No. 2504.1 o f the Radio Regulations stipulates that the provisions o f No. 2504, which correspond to 
§ 3.3 above, shall apply until such time as the C C IR  has m ade a R ecom m endation as to the need for restrictions 
in the frequency bands specified in No. 2511 (bands above 15 G H z); all systems in troduced  after 1 January  1982 
should as far as practicable meet any such restriction.

R E P O R T  790-1

E.i.r.p. AND POWER LIMITS FOR TERRESTRIAL RADIO-RELAY TRANSM ITTERS  
SHARING WITH DIGITAL SATELLITE SYSTEM S

IN BANDS BETWEEN 11 TO 14 GHz AND AROUND 30 GHz

(Question 17/9)

(1978-1982)

1. Introduction

Existing limits on power delivered to the an tenna input and e.i.r.p. o f terrestrial radio-relay stations in the 
shared up-path  bands between 11 to 14 G H z and  around  30 G H z were derived m ainly on the basis o f studies 
involving FM transm ission. This R eport considers their validity for digital satellite systems using 4 Phase-PSK
m odulation. The satellite system models adopted  in the study, and  the densities o f radio-relay stations, are
consistent with those assum ed in the earlier FM studies.

2. Assessment of the permissible interference level at the satellite receiver

In Recom m endation 522 the long-term  perform ance objective for a digital satellite hypothetical reference 
circuit (H R C) carrying PCM  telephony is that the bit error ratio at the ou tpu t o f the H R C  should no t exceed 
1 in 106, 10 m inute mean value, for m ore than 20% o f any m onth.

Since the tem poral variation in up-path  terrestrial interference reaching a satellite is likely to be sm all, the 
use o f a perm issible interference criterion based on this long-term  perform ance objective is appropriate . 
Accordingly 10% of the noise pow er giving rise to an error ratio o f 1 in 106 is adopted  as the lim it in the 
assessm ent o f the tolerable interference levels at the satellite.
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It is also reasonable to assume that the effect o f the interference is relatively independent o f the spectral 
d istribu tion  of the interfering signal — the significant factor being the in terfering signal power entering the 
receiver bandw idth  o f interest.

C onsider now a satellite system using 4 Phase — P S K /T D M A  operating  at bit speeds in the region of 
120 M b it/s  (72 M H z-bandw idth). For such a system the required carrier-to-noise ( C / N )  to achieve a link bit error 
ratio  o f 1 in 106 under norm al operating  conditions is assessed to be about 17 dB and is independent o f the 
radio-frequency used. Therefore, using the 10% o f noise criterion, the to lerable carrier-to-total terrestrial in terfer­
ence ratio  would be 27 dB. M aking the reasonable assum ption that the interference allow ance is divided equally 
between the up and  down paths the up-path  carrier-to-terrestrial interference ratio ( C / /„ )  becomes 30 dB.

Clearly the level o f interference resulting at the satellite depends on the carrier level, which in turn  is a 
function  o f the up-path  noise allocation. For an up-path  noise allow ance o f 10% o f the total noise the up-path  
carrier-to-noise ( C / N u) is 27 dB. The corresponding C / N u values for 20% and 40% o f the total noise allocated to 
the up-path  are 24 and  21 dB respectively. Also, for a satellite system noise tem perature o f 1000 K, which is 
considered to be a reasonable m inim um  for systems operating in the foreseeable future at the frequencies 
discussed here, the input noise ( N u) is equal to k T B  which in a bandw idth  o f 72 M Hz is —120 dBW. Thus the 
carrier levels for 10, 20 and  40% up-path  noise allowances are —93, —96 and —99 dBW  respectively. Therefore, 
using the C / /„  figure o f 30 dB, the perm issible up-path  interference levels ( Iu) for the three up-path  noise 
conditions, 10, 20 and 40% of total noise, are —123, —126 and —129 dBW  respectively.

N ow, the terrestrial interference entering the satellite receiver can be o f two types, “direct” and “ind irect” . 
A “d irect-entry” is taken here to m ean an interference from  a radio-relay station pointing  within 0.5° o f the 
geostationary  orbit, whilst “indirect-entry” interference is due to radio-relay stations pointing away from  the 
sta tionary  orbit. Assuming the up-path  interference allow ance to be shared equally between “direct” and “ind irect” 
interference, the perm issible levels for each type becom e —126, —129 and —132 dBW  respectively for systems 
having 10, 20 and  40% up-path  noise allocations.

3. Maximum allowable transmission levels for radio-relay stations

The m axim um  radio-relay station pow er levels com patible with the foregoing interference criteria are 
derived in Tables I to III for two types o f satellite receive an tennas — full visible earth coverage and narrow  
beam . In deriving these the following further assum ptions were m ade:

3.1 Assumptions common to 11 and 30 GHz

— Direct interference is due to radio-relay stations in the horizon o f the satellite visibility, i.e. at the beam -edge 
o f full visible earth coverage antennas. In the case o f narrow -beam  antennas, direct interference arises from  
radio-relay stations outside the m ain beam.

— Indirect interference arises from  radio-relay stations w ithin the coverage area o f the satellite beam.

— A full visible-earth coverage an tenna has an average gain o f 18.5 dB and a beam -edge gain of 17 dB.

— The num ber o f radio-relay stations within the coverage area o f a narrow  beam  an tenna is proportional to the 
square o f the beam width.

— A beam w idth of 1° and a gain o f 43  dB for the narrow -beam  antenna. Note. — Since the gain of the 
an tenna is inversely proportional to the square o f the beam w idth and the num ber o f radio-relay stations 
w ithin the beam  is also assum ed to be proportional to the square o f the beam w idth, the acceptable 
transm ission level per station w ithin the beam  is relatively independent o f the beam w idth assumed.

— An average off-beam gain in the direction o f the satellite horizon o f no m ore than  17 dB for the narrow -beam  
satellite antennas.

— An average off-beam gain, in the direction o f the satellite, o f — 6 dB for terrestrial radio-relay antennas.

— A polarization  d iscrim ination o f 3 dB for terrestrial stations w ithin the coverage area (indirect interference).

— No polarization discrim ination for terrestrial stations contributing  to direct interference.
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— A m axim um  terrestrial station e.i.r.p. o f E  dBW  per radio-frequency channel. This is the relevant param eter in 
the consideration o f direct interference into the satellite system.

— An average pow er of (P  — 3) dBW  per radio-frequency channel at the input to the terrestrial-station antenna, 
where R dB W  is the m axim um  acceptable input level. This is the relevant param eter in the consideration  o f 
indirect interference, as outside the main beam  the terrestrial station an tenna gain is largely independent o f 
the main beam -gain.

— The radio-relay channel bandw idth  at 30 G H z may be up to 220 MHz.

— At 11 G H z both w ideband and narrow band systems may be used. The narrow band  short haul systems operate 
typically at about 35 dBW  and are not subject to the pointing restrictions. The long haul narrow band systems 
are likely to operate with higher pow er levels and may be subject to No. 2503 o f the Radio Regulations.

3.2 Assumptions particular to 11 GHz operation

— 17 500 terrestrial stations using the same carrier frequency as the satellite service and w ithin the full-visible 
coverage area of the satellite but with their an tennas pointing  away from  the satellite by at least 1.5°. This is 
based on an average density o f radio-relay stations o f approxim ately 1 per 2500 km 2 of inhabited area 
covered; for the purpose of this calculation one-fifth o f the full-visible coverage area is taken to be inhabited.

— 120 terrestrial stations using the same carrier frequency as the satellite service and w ithin the 1° coverage o f 
the narrow -beam  satellite an tenna but with their an tennas pointing  away from  the satellite by at least 1.5°. 
This is based on an average density of radio-relay stations o f 1 per 2500 km 2.

— N ot more than one terrestrial station using the same carrier frequency as the satellite service and  situated on 
the satellite horizon has its beam  pointing w ithin 0.5° o f the direction o f the satellite (see Annex I).

— Free-space basic transm ission loss has an average value o f 205 dB and  a m axim um  value o f 206 dB.

— An atm ospheric attenuation , at an angle o f elevation near zero, o f 5 dB not exceeded for m ore than  20% of 
the tim e (clear weather).

— An average “clear w eather” atm ospheric attenuation  o f 2.5 dB in the consideration  o f indirect interference to 
a fully visible earth  coverage satellite receiver, (elevation angles varying from 1.5° to 90°).

3.3 Assumptions particular to 30 GHz operation

— 5000 terrestrial stations using the same carrier frequency as the satellite service and w ithin the 1° beam  o f the 
satellite antenna, but with their antennas po in ting  away from  the satellite by at least 1.5°. This is based on an 
average density o f radio-relay stations o f approxim ately 1 per 64 km 2.

— Full visible-earth coverage reception is not utilized by satellites at these frequencies.

— The num ber of terrestrial stations using the same carrier frequency as the satellite service, and situated in the 
satellite horizon, but having their beams pointing  within 0.5° o f the direction o f the satellite is 19 (see 
A nnex I).

— An atm ospheric attenuation at an angle o f elevation near zero, o f 12 dB, no t exceeded for m ore than 20% of 
the time.

— Free-space transm ission loss has an average value o f 214 dB and a m axim um  value o f 215 dB.

4. Direct interference due to a radio-relay station in the main-beam of narrow spot-beam antenna

The analysis in § 3 does not include the special case where there is a direct interference entry from  a 
terrestrial radio-relay station in the m ain-beam  of a narrow  spot-beam  satellite receiving an tenna directed tow ards 
the satellite horizon. The m axim um  tolerable radio-relay station e.i.r.p. levels under these circum stances, are given 
in Fig. 1 for a range of spot-beam  an tenna beam widths. In deriving Fig. 1, the follow ing assum ptions were m ade, 
in addition to those listed in Table IV:

— at 30 G H z only one radio-relay station gives rise to direct interference o f this type;

— for a narrow-beam  satellite an tenna the gain in the direction o f a radio-relay station in the m ain-beam , and 
contributing  to direct interference, is 2 dB less than  the beam -centre gain; e.g. for a 1° beam  this w ould be
42.5 dB;

— the entire up-link interference budget is represented by the direct interference since the indirect exposures are 
negligible.
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FIGURE 1 - M axim u m  terrestria l radio-relay sta tion  e.i.r.p. (E), w ithout exceed ing  in terference criteria, f o r  a sa te llite  receiving  
an tenna having a beam w idth  0 , the beam  being d irec ted  tow ards the horizon

A: Up-path noise allocation at 30 GHz

B: Up-path noise allocation at 11 GHz

C: E.i.r.p. limit in No. 2504 of the Radio Regulations for bands above 15 GHz (no pointing restrictions)

D : E.i.r.p. limit in No. 2503 of the Radio Regulations for stations pointing within ±  1.5° of the geostationary orbit, in
bands 10 to 15 GHz

5. Conclusions

The m axim um  tolerable pow er delivered to the an tenna input and e.i.r.p. levels for radio-relay stations 
operating  in shared bands around  11 to 14 and 30 G H z, have been considered in the context o f interference to
digital satellite systems. The results o f calculations for a range o f  up-path  noise p roportions in the satellite system
are given in Tables I to III, excluding the case where the radio-relay stations in the satellite spot-beam  contribute 
to direct interference. Taking the m ore stringent o f the levels for each o f the two frequency bands, the pow er P 
delivered to the an tenna input and e.i.r.p. limits for terrestrial stations are seen to be:

P =  18 dBW  and e.i.r.p. =  59 dBW  when frequencies a round  11 to 14 G H z are shared, and
P — 19 dBW  and e.i.r.p. =  70 dBW  when frequencies a round  30 G H z are shared.
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Since the recom m ended pow er delivered to the an tenna input and  e.i.r.p. lim its in R ecom m endation 406 
for radio-relay stations sharing these frequencies with satellite systems are 10 and 55 dBW  respectively, it can be 
concluded that, digital satellite systems operating around  11 to 14 G H z and  30 G H z are satisfactorily protected.

The analysis in § 4 deals with the case where there is a direct entry from  a terrestrial radio-relay station 
into a narrow  spot-beam  satellite receiving an tenna directed tow ards the horizon.

The results o f this show that at 11 G H z a direct entry at 55 dBW  e.i.r.p. into a spot-beam  may give rise to 
excessive interference. However, the Radio R egulations recom m end that radio-relay stations operating  at the 
frequency bands between 10 and 15 G H z shall not, where practicable, po in t w ithin ±  1.5° o f the geostationary 
orbit when the radio-relay e.i.r.p. exceeds 45 dBW . For an e.i.r.p. o f 45 dBW , a m ain-beam  direct entry 
interference into a spot-beam  receiving an tenna in the 11 G H z band w ould be acceptable for spot-beam s dow n to 
about 1° beam width. For e.i.r.p. values between 35 and  45 dBW , it can be show n that the m ain-beam  direct entry 
interference would be acceptable for spot-beam s between 1° and 4°. At 30 G H z, the interference is acceptable for 
spot-beam s down to about 0.5° beam w idth.

Clearly, further study is required to determ ine the desired influence on sharing criteria o f the relatively 
rare occurrence o f a narrow  spot-beam  satellite receiving an tenna being directed tow ards the horizon.

The direct beam  interference involving narrow  spot-beam  satellite an tennas involves the jo in t probability  
o f several rare events. Specifically, this interference occurs only when the spot-beam  is at a low elevation angle 
( <  15°) and when w ithin that coverage area at least one terrestrial transm itter is po in ting  directly at that satellite. 
M ost cases in m iddle latitudes involve satellite spot-beam s with much larger elevation angles such that the direct 
beam  exposure is not possible. For those cases, appreciable an tenna d iscrim ination  is available at the satellite 
receiving antenna. Nevertheless, even this rare direct interference case appears to generate acceptable interference.

T A B L E  1 - 7 7  G H z Operation  
(Full visible earth coverage)

Source o f  Interference

17 500 terrestrial stations in 
satellite beam

O ne terrestrial station with antenna 
beam  pointing at satellite

A verage input power to antenna o f  each radio-relay 
station (dBW ) per radio-frequency channel P —3 —

Maximum e.i.r.p. o f terrestrial transmitter (dBW ) 
per radio-frequency channel — E

Average off-beam  gain o f  terrestrial antenna in 
direction o f satellite (dB) - 6 —

10 log (Number o f  terrestrial transmitters) 42.5 0

10 log (Number o f  radio-frequency channels in 
72 M Hz-bandwidth o f the 120 M bit/s satellite 
transmission) 3 3

Basic free-space transmission loss (dB) 205 206

Atm ospheric attenuation not exceeded for more than 
20°/o o f time (dB) 2.5 5

Polarization discrimination (dB ) 3 0

Satellite antenna gain (dB ) 18.5 17

Maximum power delivered to the antenna input (P) 
from radio-relay station without exceeding inter­
ference level (dBW ) per radio-frequency channel

10% up-path noise: + 2 9 .5  
20%  up-path noise: + 2 6 .5  
40%  up-path noise: + 2 3 .5 '

Maximum radio-relay station e.i.r.p. ( £ )  without
exceeding interference level (dBW per radio­
frequency channel)

-- 10%  up-path noise: + 6 5 .0  
20%  up-path noise: + 6 2 .0  
40%  up-path noise: + 5 9 .0
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T A B L E  1 1 - 7 7  G H z Operation  
(N arrow beam coverage)

Source o f Interference

120 terrestrial stations in 
satellite beam

One terrestrial station with antenna 
beam pointing at satellite

Average input power to antenna o f  each radio-relay 
station (dBW ) per radio-frequency channel P - 3 —

M aximum e.i.r.p. o f  terrestrial transmitter (dBW ) 
per radio-frequency channel — E

Average off-beam  gain o f  terrestrial antenna in 
direction o f satellite (dB ) - 6 —

10 log (Number o f  terrestrial transmitters) 21 .0 0

10 log (Num ber o f  radio-frequency channels in 
72 M Hz-bandwidth o f  the 120 M bit/s satellite 
transmission) 3 3

Basic free-space transmission loss (dB ) 205 206

A tm ospheric attenuation not exceeded for more than 
20°/o o f  time (dB) 0 5

Polarization discrimination (dB ) 3 0

Satellite antenna gain (dB ) 43 17

Maximum power delivered to the antenna input (P ) 
from radio-relay station without exceeding inter­
ference level (dBW ) per radio-frequency channel

10°/o up-path noise: + 2 4 .0  
20°/o up-path noise: + 2 1 .0  
40°/o up-path noise: + 1 8 .0

—

Maximum radio-relay station e.i.r.p. ( £ )  without
exceeding interference level (dBW per radio­
frequency channel)

---- 10% up-path noise: + 6 5 .0  
20%  up-path noise: + 6 2 .0  
40%  up-path noise: + 5 9 .0
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T A B L E  III -  3 0  G H z Operation  
(N arrow beam coverage)

Source o f  Interference

5000 terrestrial stations in 
satellite beam

19 terrestrial stations with antenna 
beam pointing at satellite

Average input power to antenna o f  each radio-relay 
station (dBW ) per radio-frequency channel P —3 —

Maximum e.i.r.p. o f terrestrial transmitter (dBW ) 
per radio-frequency channel — E

A verage off-beam  gain o f terrestrial antenna in 
direction o f  satellite (dB ) - 6 —

10 log (Num ber o f  terrestrial transmitters) 37 13

10 log (Num ber o f  radio-frequency channels in 
72 M Hz-bandwidth o f the 120 M bit/s satellite 
transmission) - 5 - 5

Basic free-space transmission loss (dB ) 214 215

A tm ospheric attenuation not exceeded for more than 
20°/o o f time (dB) 0 12

Polarization discrimination dB 3 0

Satellite antenna gain (dB ) 43 17

Maximum power delivered to the antenna input (P) 
from radio-relay station without exceeding inter­
ference level (dBW ) per radio-frequency channel

10°/o up-path noise: + 1 7 .0  
20°/o up-path noise: + 1 4 .0  
40°/o up-path noise: + 1 1 .0

--

Maximum radio-relay station e.i.r.p. (E ) without 
exceeding interference level (dBW per radio­
frequency channel)

-- 10% up-path noise: + 6 8 .0  
20%  up-path noise: + 6 5 .0  
40%  up-path noise: + 6 2 .0
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TABLE IV — 11 and 30 GHz operation (narrow beam coverage)
Direct interference— one of the terrestrial stations contributing to direct interference is in the main beam

of the satellite antenna

Source of interference

One terrestrial station in the satellite main beam having 
its antenna beam pointing at the satellite

11 GHz 30 GHz

Maximum e.i.r.p. of the terrestrial transmitter 
(dBW per radio-frequency channel) E E

10 log (Number of terrestrial transmitters in 
main-beam) 0 0

10 log (Number of radio-frequency channels in 
72 MHz-bandwidth of the 120 Mbit/s satellite 
transmission) 3 - 5

Basic free space loss (dB) 206 215

Atmospheric attenuation not exceeded for more 
than 20% of time (dB) 5 12

Satellite antenna gain in the direction of the 
terrestrial station in the main beam (dB)

42.5 -  20 log 0; 
where 0° is the satellite antenna beamwidth

Polarization discrimination (dB) 0 0

Maximum terrestrial radio-relay station e.i.r.p. (E) 
without exceeding interference limit (dBW per 
radio frequency channel)

See Fig. 1 See Fig. 1
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A N N E X  I

ESTIMATE OF MAXIMUM NUMBER OF RADIO-RELAY STATIONS OPERATING 
AT 11 AND 30 GHz LIKELY TO POINT WITHIN 0.5° OF A GEOSTATIONARY SATELLITE

Area o f annulus o f Earth from  which an elevation w ithin 0.5° o f a given satellite is possible:

S  = n • d - I ( 1)

where,

d  =  m axim um  diam eter o f geostationary satellite coverage area at the E arth  (12 600 km );

I = d istance subtended at the surface o f the Earth by an  angle o f 0.5° at the centre o f the
E arth  =  55.5 km ;

then S  = n  x 12 600 x 55.5 km 2.

Area o f inhabited  land in annulus (assum e 20%) S h is:

S h =  4.4 x 105 km 2;

N um ber o f 11 G H z radio-relay stations in this area at 1 per 2500 km 2 =  175.

Then assum ing a random  distribution  o f azim uths the num ber o f these radio-relay  stations pointing  w ithin
0.5° in azim uth o f stationary  satellite position is:

—  x  175 «  0 .5 ; assum e 1.

Also, assum ing a radio-relay station density o f 1 per 64 km 2, the num ber o f 30 G H z stations po in ting
w ithin 0.5° o f the geostationary orbit is:

4.4 x 105 1
— T a—  x 773 ^  1964 360

R EPO R T  393-3

INTERSECTIONS OF RADIO-RELAY ANTENNA BEAM S WITH ORBITS USED  
BY SPACE STATIONS IN THE FIXED-SATELLITE SERVICE

(Questions 2 /9  and  17/9)

(1966-1970-1974-1978)

I. Introduction

The exposure o f the an tenna beam s o f radio-relay systems to  em issions from  com m unication  satellites is 
geom etrically predictable when such satellites have circular orbits w ith recurrent earth  tracks (see R eport 206, 
§ 2.2), bu t is only predictable statistically for inclined circular orbits o f arb itra ry  periods. A phased system o f these 
recurrent earth-track satellites can be m ade to follow  a single earth-track and  such systems are o f increasing 
interest for com m unication. G eostationary satellites are a special case, since the equator constitutes the earth-track 
o f all equatorial orbits.

At any E arth  location from  which the satellites o f a single-earth-track system could be seen, successive 
(non-stationary) satellites would follow a fixed arc through the sky, from  horizon to horizon. M oreover, except for
inclined orbits, this arc would be independent o f longitude and  be sym m etrical relative to N o rth /S o u th .

Subsequent portions o f this R eport consider exposure conditions relative to a circular equatorial orbit 
(including the special case o f the orbit o f a geostationary satellite) and  also the probability  o f exposure to 
unphased satellites (non-recurrent earth-track).
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Some indication  o f the extent to which existing an tennas o f radio-relay systems are directed tow ards the 
orbit o f a geostationary satellite, has been provided by several adm inistrations. It is shown that although the 
overall percentage of an tenna beam s which intersect the geostationary orbit is about 2%, this percentage will be 
substantially  higher if one takes into account the beam  extending to ±  2° from  its axis, and the effect o f 
refraction. E xam ination o f the com pliance o f existing radio-relay stations with R ecom m endation 406 indicates tha t 
the percentage o f stations having an antenna-beam  direction w ithin ±  2° o f the geostationary-satellite orbit is in 
the order o f 10% in some countries. Furtherm ore, it cannot be assum ed that substantial segments o f the orbit in 
any range o f longitude are free from  illum ination by the an tennas o f radio-relay systems.

2. Some characteristics of the antenna beams of terrestrial radio-relay systems

Line-of-sight radio-relay systems use antennas with gains o f the order o f 40 dB and  half-pow er beam ­
w idths o f the order o f 2°. T rans-horizon systems generally use antennas with higher gain and narrow er beam s, say 
50 dB and  0.5°. In either case, path  inclinations are less than  0.5° on the average and rarely in excess o f 5°. W hen 
all o f a negatively inclined beam  strikes the Earth, there w ould be no exposure to an orbit. For horizon-centred 
beam s, the upper half could have exposure.

W hen passive reflectors are used, spill-over also should be considered.

Since the beam s are close to the Earth and  traverse a considerable thickness o f atm osphere, diffraction and 
refraction  should be taken into account in m aking precise calculations o f exposure.

3. Directions to circular equatorial orbits

It is well know n from  geom etric considerations tha t the azim uth angle, A (m easured clockwise from  N orth)
and the angle o f elevation, e, o f  a satellite in a circular equatorial orbit can be expressed by

A  =  arc tan  ( ±  tan  X/sin cp) (1)

e — a rc  sin [(K  cos (p cos X — \ ) / )/ K 2 +  1 — 2 K  cos (p cos (2)

where,

K  : orbit rad iu s /ea rth  radius,

(p : earth latitude o f the terrestrial station,

X : difference in longitude between the terrestrial station and  the satellite.

E lim inating X between these two equations leads to

A  - a rc  cos
ta n  e +  K  1 / ta n 2 e +  (1 — K  2 )

1 -  K - 2 <p)tan  (p > (3)

If  necessary, azim uths and  elevations to any single-earth-track inclined orbit system, o f given height, 
inclination  and equatorial crossings could be determ ined by an extension o f this analysis. For such systems, 
however, the orbit directions w ould depend both on latitude and  longitude o f the terrestrial station.

An an tenna directed at the orbit o f a non-geostationary  satellite (or other single earth-track orbit) will be 
certain to have interm ittent exposure. For a circular equatorial orbit (other than  the orbit o f the geostationary 
satellite) with m  satellites, an tennas having an interference beam w idth o f 0 rad ians will have interference for a 
fraction  o f the tim e given approxim ately  by:

/> =  m 0 /(2 ti) (4)

For the special case o f the orbit o f a geostationary satellite, P  will be either zero or unity.

4. Unphased satellite systems

In this case it is possible to derive only an average probability  o f exposure to a satellite. Thus, for a 
system o f n orbits o f equal height and  equal inclination a n g l e , i t  can be show n that the average probability  o f 
exposure is given by:

P  =  [mn 0 /(8  7t cos T)] {arc cos [(sin(T — 0 /2 ))/s in  /] — arc cos [(sin (T  +  0 /2 ))/s in  /]} (5)
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when 41 <  (/' — 0 / 2) 

and  where,

m  : num ber o f satellites in each orbit,

H* : latitude o f intersection between the an tenna beam  and  the orbital sphere.

As indicated in the reference [Areshev and  K alashnikov, 1974], in m ost o f the cases encountered  in 
practice, when i > 0 , calculations can be m ade by m eans o f the form ula:

_  m n  0 2
87t ] /s in 2 i — s in 2 y  ^

The relative error o f the calculations m ade by m eans o f (6) does not exceed 0.25% of those m ade with
form ula (5).

For the particu lar case o f the po lar orbit, i =  n /2 ,  and the above expression reduces to

P -- mn 02/  (8rt cos T ) (7)

5. Geometric relations between the directions of radio-relay antennas and the geostationary-satellite orbit

The geostationary-satellite orbit is particularly  im portant, not only from the po in t o f view o f the exposure
of radio-relay systems to beams from  satellites, but also because o f the lim itations im posed by R ecom m enda­
tion 406 on the directions o f radio-relay antennas to protect reception by geostationary satellites.

Equation (3) can be expressed as:

ta n  9A  =  a rc  cos  ------ --------------7]F=T---------  ̂ i ( 8)ta n  [arc cos ( a  1 cos e) —e\

where,

A : azim uth (or its com plem ent at 360°) m easured from  the south in the northern  hem isphere and from
the north  in the southern hem isphere,

K : orbit rad iu s /E arth  radius, assum ed to be 6.63,

e : geom etric angle o f elevation o f a po in t on the geostationary-satellite orbit,

<p : latitude o f the terrestrial station.

For a given station latitude and  for a given angle o f elevation the values o f the angle A, for the two orbit 
points, are m easured from  both sides o f the m eridian.

E quation (8) has been used to produce the scale in Figs. la  and lb  whereby the d irection o f the 
geostationary-satellite orbits can be determ ined for latitudes between 0° and  70° approxim ately . Table I gives the 
azim uths for the orbit points at an angle o f elevation o f 0°.

5.1 The effects o f  atmospheric refraction

The usual effect o f atm ospheric refraction is to bend the radiow ave ray tow ards the E arth ; the beam o f a
radio-relay an tenna having an angle o f elevation e, may reach a satellite with an angle of elevation e where:

e =  e -  t  (9)

and e and e are algebraic values, and  x is the absolute value o f the correction due to refraction.

The extent o f bending depends on the clim ate o f the region w here the station  is situated (refractive index, 
gradient o f the index, etc.), on the altitude o f the station and the initial angle o f elevation e; the variation  o f x as 
a function of e is particularly rapid  at a low negative value o f e.

The value o f x may exceed several tenths o f a degree, and this is particularly  im portan t for stations at
m edium  or high latitudes, where a slight change in the angle o f elevation results in a considerable change o f the 
azim uth to each o f the two corresponding points on the geostationary-satellite orbit. M oreover, this correction 
varies in time with atm ospheric conditions. At a given po in t o f latitude and for a given angle o f elevation, the 
azim uth to the orbit will in time scan a certain angular zone.

To apply Recom m endation 406, whereas a m ean value o f refraction will provide substantial p rotection , to 
provide full protection it is desirable to consider the m axim um  and m inim um  values o f bending due to refraction, 
so as to determ ine the azim uths o f the extrem ities o f this angular zone. This can be done on a statistical basis. 
Figures la  and lb  may be used to determ ine the extrem e azim uths o f the angular zone, on the basis o f extrem e 
angles o f elevation ex and e2.

It is not always easy to determ ine the bending x as a function o f the clim ate, the altitude o f the station and  
the angle of elevation e, since the assum ption o f a reference atm osphere o f exponential type is not always 
applicable (see R eport 720) and the probability  o f the form ation of atm ospheric ducts is by no m eans negligible, 
especially in certain hot m aritim e areas. Some inform ation on this problem  is given in R eport 720.
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FIG U R E la  -  Determination o f  the direction o f  the geostationary-satellite orbit —  low  and m iddle latitudes
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FIGURE lb - Determination of the direction of the geostationary-satellite orbit — high latitudes
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TA B L E  I -  Azim uths o f  the angle o f  elevation 0° o f  poin ts on the orbit o f  a geostationary satellite

Latitude Azimuth Latitude Azim uth Latitude Azimuth

0.00 90.00 24.00 86.11 48.00 80.24
1.00 89.85 25.00 85.92 49.00 79.89

2.00 89.69 26 .00 85.73 50.00 79.52
3.00 89.54 27.00 85.54 51.00 79.14

4.00 89.39 28.00 85.35 52.00 78.74
5.00 89.24 29.00 85.15 53.00 78.32

6.00 89.08 30.00 84.95 54.00 77.88
7.00 88.93 31.00 84.74 55.00 77.42

8.00 88.77 32.00 84.53 56.00 76.93
9.00 88.62 33.00 84.31 57.00 76.41

10.00 88.46 34.00 84.09 58.00 75.87
11.00 88.30 35.00 83.87 59.00 75.29

12.00 88.14 36.00 83.64 60.00 74.68
13.00 87.98 37.00 83.40 61.00 74.02

14.00 87.82 38.00 83.15 62.00 73.33
15.00 87.66 39.00 82.90 63.00 72.58

16.00 87.49 40.00 82.65 64.00 71.77
17.00 87.33 4 1 .00 82.38 65.00 70.90

18.00 87.16 42.00 82.10 66.00 69.96
19.00 86.99 43.00 81.82 67.00 68.94

20.00 86.82 44.00 81.53 68.00 67.82
21.00 86.64 45.00 81.22 69.00 66.58

22.00 86.47 46.00 80.91 70.00 65.22
23.00 86.29 47.00 80.58

Note. — Azimuths (or their complements at 360°) calculated in relation to the meridian of the site, 
towards the Equator (towards the south for the northern hemisphere, towards the north for the 
southern hemisphere).

W here a hypothetical atm osphere o f exponential type is adm issible and where the ground index, Ns, and 
the gradient A TV of the index between 0 and 1000 m are related, the curves showing correction x as a function o f 
the angle o f elevation e can be calculated. Figures 4 to 7 o f R eport 563 give useful inform ation on the values of 
A N  corresponding to various geographical areas; the characteristics o f different types o f clim ate are given in the 
R eport 238. D eterm ining the m axim um  and m inim um  corrections x, and x2 is then equivalent to the assessment o f 
the m axim um  and m inim um  of TV (or A N ) corresponding to the particu lar case under consideration.

The influence of the altitude o f the station is very difficult to assess. For positive angles of elevation, the 
radio beam  quickly leaves the atm osphere, the bending x is relatively slight and the influence o f altitude is 
probably  reduced. On the other hand , for negative angles o f elevation, a beam  crossing the horizon passes twice 
through the densest layers o f the atm osphere; the bending x is thus greater and its variation  with altitude at 
constant angle o f elevation is likely to be much greater. However, there are no accurate data in this connection.

Provisionally, and to provide protection under all conditions, one should adop t the following rules:

5.1.1 in those geographical areas where propagation  data  are available which will enable the am ount o f 
bending to be determ ined on a statistical basis, the m axim um  bending (for instance the bending not 
exceeded for 99.5% of the tim e) and the m inim um  bending should be derived from  these data;

5.1.2 where such data are not available, the following approxim ation  m ay be used. Limits o f refractive 
index assum ing an exponential reference atm osphere can be calculated from  the sea-level radio refractivity, 
N0, and the gradient, A N  (as found in world-w ide charts). It can be seen from  Figs. 1 and 2 of R eport 563 
that a range for N0 between 250 and 400 (A N  at sea level between —30 and —68 , respectively) is 
representative o f m inim um  and m axim um  values throughout a large part o f the w orld and throughout the 
year. Establishing these limits permits the calculation o f curves for x, and  x2 as a function o f angle of 
elevation o f the an tenna and station height. Such curves are given in Fig. 2.
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F IG U R E  2 -  Refraction correction fo r  angle e

h : height o f antenna above mean sea level (km)
N s : refractivity (N  units) corresponding to height h for given N 0 limit

Based on C R PL  Exponential Reference Atm osphere, Bean & Thayer, N B S Monograph 4, 
U .S. Dept, o f Commerce (1959)
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5.2 Angular deviation between an antenna beam and the orbit o f  a geostationary satellite

W hen the angular zone defining the directions for which the an tenna points exactly at the orbit (a function 
o f the variation  o f the effect o f refraction in tim e) has been determ ined, the an tenna direction must be given a 
certain  azim uthal deviation at both extrem ities o f this angular zone, to be sure to obtain  a given angular deviation 
between the direction o f the beam  o f the radio-relay an tenna and  the orbit o f geostationary satellites.

F or a proposed  radio-relay station with an angle o f an tenna elevation between + 3 °  and —1°, located in 
regions where the assum ption o f an exponential atm osphere with N0 between 250 and 400 (A N  at sea level 
between —30 and —68 , respectively) is applicable, Fig. 3 perm its one to determ ine rapidly the azimuths that may 
be w ithin the critical zone. If  the proposed  path azim uth does no t lie between curves A and B, there is no chance 
o f interference and  the proposed azim uth will be satisfactory. The curves o f Fig. 3 can be read to about ±  0.5°.

Latitude o f  radio-relay station (degrees)

F IG U R E  3 -  Screening chart fo r  azim uths to be avoided by radio-relay stations

C urves A: Separation 2° for an elevation o f +3°, assuming r mjn 
(N 0 =  250, A N  at sea level = - 3 0 ,  h =  0)

B : Separation 2° for an elevation o f - 1 ° ,  assuming r max 
(N 0 = 400, A N  at sea level =  - 6 8 ,  h =  1.5 km)

C: Angle o f  elevation 0°, no refraction (from Table I)
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If  the proposed path  azim uth falls between curve A and  curve B o f Fig. 3, or if different values o f N0 are 
to be used, or if  the proposed  elevation angle is outside the range + 3 °  to —1°, then further calculation is 
necessary. For m any cases not covered by Fig. 3, Fig. 4 can be used to  determ ine the azim uthal deviations at both  
extrem ities o f the central angular zone. Curves are show n for pro tection  o f 0.5°, 1.5° and 2°, and  other values can 
be in terpolated. Curves A, B and  C should be entered tow ards the m erid ian  and  curves D, E or F away from  the 
m eridian. The terrestrial horizon has been assum ed to be sm ooth, and  at the sam e elevation angle as the an tenna; 
thus the curves D, E or F are parallel to the horizontal axis 0.5°, 1.5° and  2°, respectively.

Latitude (degrees)

FIG U R E  4 -  A zim uth margins (in degrees) between the main direction o f  the antenna o f  a radio-relay system
and the direction o f  the orbit o f  a geostationary satellite, to obtain a protection o f  0.5°, 1.5° o r  2°

Curve A  : Protection 2°; towards the meridian 
B: Protection 1.5°; towards the meridian 
C : Protection 0 .5°; towards the meridian 
D : Protection 0 .5°; away from the meridian
E : Protection 1:5°; away from the meridian
F : Protection 2°; away from the meridian
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In p lann ing  a new radio-relay section, the extent to which it is restricted in the pointing of its antennas by 
R ecom m endation 406 can be quickly determ ined (see Fig. 8). Figure 5 can be used to obtain the angle of 
elevation, e, o f the transm itting  an tenna as a function of the difference in altitude between the transm itting and 
receiving an tennas and the length o f the section. After correction for refraction in accordance with § 5.1, Fig. 1 
can be used to determ ine the extreme azim uths o f the angular zone as a function o f the extreme angles of 
elevation e} and e2. Figure 4 can be used to determ ine this band  which has to be added to one side and the other 
o f the centre azim uth to achieve a desired protection angle o f the orbit.

mR

is

10

0.5“

-  s

— 0,5̂ —i
—10

—i.5 ^  r

: r- — 35

FIG U R E  5 -  Pointing o f  antennae (radio-relay systems)

A : 1 milliradian =  3.44 minutes o f arc =  0 .0636  grades B: Distance between stations (km)
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This azim uthal band  actually depends on the latitude o f this station and  on the angle o f elevation o f the 
antenna. In m aking an initial approxim ation for angles o f elevations involved, the influence o f the m agnitude o f 
angle o f elevation itself m ay be ignored, since any error is very small com pared with the correction to be used for 
the effects o f refraction. (This am ounts to the local approxim ation  o f the orbit by a straight line.)

However, in case o f doubt, or in special geographical cases, a m ore com prehensive study o f the effect o f 
the horizon is necessary, as described in the next section.

5.3 Use o f  a graphical method fo r  more comprehensive determination o f  azimuths to be avoided

The graphical m ethod described in reference [Gould, 1967] takes into account the influence o f  the actual 
local horizon. The approxim ations it makes lim it its app lication to stations located below abou t 70° latitude. Its 
azim uthal accuracy is approxim ately 0 .1° and is better than tha t for low angles o f elevation.

This m ethod, illustrated in Fig. 6 , is based on the consideration  of the apparen t o rb it of a geostationary  
satellite, taking into account the effect o f refraction, the latitude of the terrestrial station, an tenna  elevation angle 
and the influence o f the local optical (real) horizon.

Azim uth deviation (degrees)

FIG U R E  6 —  Sam ple determination using graphical m ethod

Radio-relay station a ltitude: 1 km 
L atitude: 60°

Angle o f  elevation e : -0 .2 5 °

A : maximum refraction D : reference azimuth: 74.68° (from Table I)
B : minimum refraction E: upper limit 74.68° + 4 .1 °  =  78.78°
C : no refraction F: lower limit 74.68° -  3.3° =  71.38°

Steps in the determ ination:

1. Plot orbit trace by drawing a line between the centre o f  the graph and latitude o f  the radio-relay 
station.

2. Draw a horizontal line at the proposed angle o f elevation o f the beam.
3. Elevate this trace to account for refraction. Plot a curve for both the minimum and maximum  

refraction expected.
4. Sketch the optical horizon in the region o f  interest.
5. With a compass, or with a straight edge calibrated in degrees, find the two points on the beam elevation  

line that are two degrees away from the closest o f  the elevated traces where those traces are above the 
optical horizon.



62 Rep. 393-3

To plot the apparen t (refracted) orbit, it is necessary to raise the trace o f the geom etric orbit at each po in t 
by a quantity  x, which is a function o f the geom etric orbit elevation and  the station height, as shown in Fig. 7. 
This Figure has been derived from  Fig. 2 using equation  (9) hence the restrictions given at the end o f § 5.1 also 
apply  to Fig. 7.

400

347

300

260

250

217

188

163

FIG U R E  7 -  Refraction correction fo r  angle e

h : height o f antenna above mean sea level (km)
A's : refractivity (N  units) corresponding to height h for given N 0 limit

Based on C R PL  Exponential Reference Atm osphere, Bean & Thayer, N B S M onograph  4, U .S . D epart.
o f  Commerce, 1959
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The m ethod may be sum m arized as follows:

5.3.1 On Fig. 6 draw  a straight line passing through the origin and the po in t corresponding to the 
latitude o f the station in question. (This implies an approxim ation  o f the orb it by a straight line in this 
small region.) The reference azim uth (0° on Fig. 6) for a zero geom etric angle o f elevation is given in 
Table I or in Fig. la  or lb .

5.3.2 D raw  a horizontal line corresponding to the angle o f elevation e p lanned  for the antenna. This 
angle can be determ ined from  Fig. 5.

5.3.3 Raise the trace o f the geom etric orbit at each poin t by the quantity  x (a function  o f e) to account 
for the m axim um  and  m inim um  refraction expected. This m eans that there will be two new traces, one 
corresponding to m inim um  bending and the other to m axim um  bending.

5.3.4 D raw  the local horizon in the region o f the azim uth concerned. For prelim inary  studies, the 
m ethod can be sim plified by replacing the real local horizon by a m ean, approx im ate horizon.

5.3.5 Using a com pass set to a radius o f 2°, find on the straight line o f the constan t angle o f an tenna 
elevation, the centre o f a circle tangential to the trace corresponding to m inim um  bending: one o f the 
azim uth lim its is thus defined. Subtract this deviation from  the centre azim uth determ ined in Table I, or 
Fig. la  or lb .

Similarly, on the straight line o f the constant angle o f an tenna elevation, find the centre o f a second circle 
such that its closest po in t o f intersection with the m axim um  bending trace is just above the horizon; the 
second azim uth limit is thus defined. A dd this deviation to the centre azim uth.

5.3.6 This graphical construction can also be used to find the actual angular separation  between an 
existing an tenna azim uth and  the orbit; this will be the com pass radius corresponding  to the shortest 
distance between the po in t o f the an tenna direction on the line representing the beam  angle o f elevation e, 
and  the nearest orbit trace. Figure 8 may then be used to  determ ine the m axim um  radia ted  pow er 
perm itted by R ecom m endation 406.

*
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Angle between antenna beam and stationary satellite orbit (degrees)

FIGURE 8 -  Maximum e.i.r.p. permitted by Recommendation 406 

—  —  —  : example
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5.4 Analytical methods

F or stations at latitudes between about 70° and 81° (the lim it o f the zone covered by a geostationary 
satellite) the various approxim ations o f graphical determ inations are no  longer valid and analytical m ethods m ust 
then be used. Such m ethods are useful for the rap id  study o f a large num ber o f radio-relay stations, as they lend 
them selves to the use o f com puters. One such m ethod is given in reference [Lundgren and  M ay, 1969].

If  the distribution  o f the refractive index is given, azim uths to  be avoided can also be determ ined by using 
an analytical m ethod described in [CCIR, 1966-69]. This com putation  produces a num ber o f tables showing the 
azim uths to be avoided as a function o f the latitude o f a radio-relay station and  the elevation angle o f its antenna 
beam . Sam ple tables are given in [CCIR, 1966-69]. These tables will facilitate the work o f finding exposures o f the 
geostationary-satellite orbit with respect to radio-relay beams.

C om puter program m es have been developed by several adm inistrations [FCC, 1972; C N E T , 1973]. These 
program m es allow the calculation o f the directions to be avoided, and o f the angle between the m ain beam  
direction o f a terrestrial radio-relay an tenna and the geostationary-satellite orbit.

R E F E R E N C E S

A R E SH E V , M. S. and K A L A S H N IK O V , N . I. [January, 1974] Srednyaya veroyatnost ob luchen iya  nep od vizh noi antenny  
nazem noi stantsii sistem oi krugovykh nesfazirovannykh ISZ. (The average probability  o f  exposure o f  a fixed  terrestrial 
station  antenna to a circular unphased  satellite system ), R adio tekhn ika , V ol. 29, I.

C N E T  (France) [1973] D epartem ent EFT. Program m e de calcul EFT 003A . Protection de l ’orbite des satellites geostationnaires.

FCC [A ugust, 1972] Federal C om m u n ications C om m ission  U SA . R eport C C -7201, U SA .

G O U L D , R. G. [1967] Protection o f  the stationary satellite orbit. Telecom m . J., V ol. 34, 8 (A ugust, 1967) and corrigendum  
(N ovem b er , 1967).

L U N D G R E N , C. W. and M A Y , A. S. [D ecem ber, 1969] R adio-relay antenna p o in tin g  for contro lled  interference with  
geostationary satellites. BSTJ, V ol. 48, 10, 3387-3422.

C C IR  D ocum ents 

[1966-69]: IX /2 0 7  (Japan).

B IB L IO G R A P H Y

B E A N , B. R. [M arch, 1962] The radio refractive index o f  air. Proc. IR E , V ol. 50, 3, 260-273.

R E PO R T  791-1

INTER-SATELLITE SERVICE SHARING WITH THE FIXED AND MOBILE SERVICES

(Question 17/9, Study Program m e 2A /4)
(1978-1982)

1. Introduction

The W ARC-79 allocated bands to be shared between the inter-satellite service and the fixed and m obile 
services as follows: 22.55 to 23.55 G H z, 54.25 to 58.2 GH z, 59 to 64 GH z, 116 to  126 G H z, 126 to 134 G H z, 
170 to 182 G H z and  185 to 190 GH z. In some o f these bands the attenuation  resulting from  absorp tion  by w ater 
vapour and  atm ospheric gases is im portan t in facilitating sharing. In other bands, however, such attenuation  is 
less im portan t and other m eans m ust be used to assure successful sharing.

This R eport investigates the feasibility o f frequency sharing between the inter-satellite service and  the fixed 
and  m obile services.

2. Atmospheric attenuation

The inter-satellite service is allocated to portions o f the spectrum  in the vicinity o f the atm ospheric oxygen 
and  w ater vapour absorption  lines. The absorption  o f the incident wave with the atm ospheric gases is caused by a 
resonance o f m olecular electric and m agnetic dipoles. Oxygen and w ater vapour are the only gases that produce 
significant absorp tion  in the inter-satellite frequency bands.

For the inter-satellite bands o f 54.25 to 58.2 G H z, 59 to 64 G H z, and 105 to  130 G H z, the absorp tion  is 
due prim arily  to the m agnetic interaction o f the oxygen dipole with the incident field. The in teraction  o f the 
w ater-vapour electric d ipole with the incident field produces the absorption  at 170 to  182 G H z and  185 to 
190 G H z (see R eport 719, Figs. 2 and  4).
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The dependence o f atm ospheric attenuation  on frequency has been evaluated and docum ented in 
R eport 719. Theoretical zenith * attenuation  values from  sea-level through the atm osphere are sum m arized in 
Table I. An average atm osphere and  a w ater concentration  of 7.5 g /m 3 (representing a m oderately hum id 
atm osphere) was used as a basis for these values. The attenuation  caused by the w ater-vapour (H 20 )  molecule in 
the atm osphere can be regarded as only a rough estim ate o f the actual attenuation  because o f the wide variation  
o f w ater content with climate.

TABLE I — Range o f zenith attenuation for the inter-satellite frequencies

Inter-satellite
frequencies

(GHz)

Zenith 
attenuation L  , 

(dB)
Remarks

22.55-23.55 0 to 1.5 Attenuation depends on relative humidity.

54.25-58.2 11 to 150 Attenuation increases from 54.25 to 58.2 GHz approximately line­
arly.

59-64 100 + Attenuation varies rapidly about oxygen lines with maximum values 
of approximately 240 dB.

105-130 1.3 to 100 + to 1.9
Attenuation increases from 1.3 dB at 105 GHz to 100 + dB at 118.8 
GHz (O2 absorption line) and then decreases to 1.9 dB at 
(130 GHz).

170-182 7.0 to 80 (>) Attenuation increases from 7.0 to 80 dB for water-vapour concentra­
tion of 7.5 g/m3.

185-190 80 to 13 (') Attenuation decreases linearly from 80 to 13 dB for water-vapour 
concentration of 7.5 g/m3.

(') Assumption: Average atmosphere with water-vapour concentration 7.5 g/m3 at the Earth’s surface.

The theoretical one-way attenuation  for terrestrial stations located at a range o f heights above sea-level is 
considered in R eport 719. C alculations by [Reber, et al., 1970] also show that the shape o f the absorp tion  curve in 
the vicinity of 60 G H z changes from  a broad  sm ooth curve at sea-level to one o f individual lines ( 0 2. resonant 
frequencies) as the starting heights are varied above sea-level. This phenom enon results in valleys o f low 
attenuation  between the 0 2 resonant frequencies at altitudes above 5 km.

The total attenuation  o f an incident wave through the atm osphere can be described in term s o f the 
attenuation  in the zenith direction (vertical path) and  the angle o f the wave path  above the horizon [OT 
R eport 74-43, 1974]. For elevation angles, 0, greater than  about 5°, the attenuation  through the atm osphere ( La) is 
related to the zenith attenuation  (Lz) by the sim ple cosecant relationship.

L a =  L z cosec 0 (1)

3. Isolation between terrestrial stations and satellites

Since satellites are always separated from  terrestrial stations by som e portion  o f the atm osphere, the 
attenuation  due to the atm ospheric absorption will be available to isolate these services in addition  to free-space 
loss. For exam ple, the atm ospheric absorption  loss exceeds 100 dB at 60 G H z for a path from  the E arth ’s surface 
to the outer atm osphere. The free-space path loss for a path  from the geostationary  orbit to  the closest po in t on 
the E arth ’s surface is approxim ately 220 dB. The inter-satellite band  isolation available at 60 G H z between a fixed 
station or m obile station on the E arth ’s surface and  a satellite in geostationary o rb it is therefore 320 dB or more.

This refers to a w ave travelling vertically upwards from  a poin t on Earth.
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The coupled pow er from  a terrestrial station  to  a satellite is evaluated in term s o f the interference pow er 
spectral density at a satellite receiver. This spectral density level in dB (W /kH z) a t a satellite from  a terrestrial 
station  is given by:

I  = + Gr(e) +  Gr( cp) — L  (2)

where,

P, : the transm itter spectral pow er density o f the terrestrial station in dB (W /kH z);

0 ,(9), GR^p) : the respective gains o f the terrestrial and  satellite an tenna for the in terfering path in dB
(including m atching and transm ission line loss);

L : the propagation  path  loss from  the terrestrial station  to the satellite in dB.

The propagation  path  loss (L ) com prises the free-space p ropagation  loss (L s), the absorp tion  loss through 
the atm osphere ( La), and  m eteorological losses ( L M).

The level o f interference to any satellite link m ay be estim ated by the use o f equation (2) and the 
associated geom etry o f the signal path  o f the interference signal. Evaluating equation  (2) using only the free-space 
p ropagation  loss ( Ls) and  com paring the result to  a perm issible interference level will determ ine the am ount o f 
isolation required for sharing o f the bands.

For those satellites in orbits other than the geostationary orbit, the degree o f interference will be a function 
o f the tim e that the satellite is in view o f the terrestrial transm itter. For these satellite links, in random ly dispersed 
orbits, the interference, if  any, will be transitory  and  the probability  o f exceeding the interference criteria w ould 
be extrem ely low.

4. Fixed and mobile services sharing with inter-satellite links in a geostationary orbit

4.1 Introduction

Article 27 o f the R adio R egulations lim its the m axim um  pow er rad ia ted  in  the fixed or m obile services 
when sharing with space radiocom m unication  services above 1 GH z. R egulation 2505 states: “The m axim um  
equivalent isotropically radia ted  pow er o f a station in the fixed or m obile service shall not exceed + 55  dBW ”.

A rticle 27 also lim its the pow er into a fixed or m obile an tenna when sharing with space rad iocom m unica­
tion  services above 10 G H z. Regulation 2508 * states: “The pow er delivered by a transm itter to the an tenna o f a 
station  in the fixed or m obile service in frequency bands above 10 G H z shall no t exceed + 1 0  dBW ” .

From  Regulation 2505 *, and assum ing a un iform  spectral pow er density over 4 kHz, the interfering pow er 
spectral density from  equation  (2) is given by:

/  =  49 dB (W /kH z) +  G*(ip) -  L (3)

This equation assum es the m ain beam  of the terrestrial transm itter is directed tow ard the satellite.

F or the determ ination  o f values o f m axim um  perm issible pow er flux-density o f noise-like interference,
or the to ta l pow er of CW -type interference, the lim it set forth  in R eport 548 for unm anned  spacecraft
receivers operating below 15 G H z will be used. The lim it is that an interference level at the receiver input o f
— 161 dB (W /kH z) not exceeded m ore than 0.1 per cent o f the tim e is acceptable for unm anned  space missions. 
This criterion is based on the follow ing assum ptions:

— an operational noise tem perature lim ited by the warm earth  o f 600 K ( — 201 dB (W /H z)); and

— a detection-bandw idth on the satellite greater than  1 kHz (30 dB), due to the need for rap id , autom atic 
acquisition o f signals.

The interference-to-noise ratio  for 0.1 per cent o f the tim e used in the criterion corresponds to 10 dB.
Hence:

Interference (0.1%) =  -2 0 1  dB (W /H z) +  30 dB +  10 dB =  -1 6 1  dB (W /kH z)

A lthough N o . 2510 o f  the R adio R egulations lim its the applicability  o f  N os. 2505 and 2508 to particular frequency  
a lloca tion s below  40 G H z, it w ill be assum ed for the rem ainder o f  this analysis that they are generally  app licab le above  
40 G H z as well.
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The required receiving an tenna  gain GR((p) for an inter-satellite link is determ ined by the path  loss between 
satellites and their ability to stay w ithin a usable 3 dB beam w idth (station keeping). In an earlier study 
(R eport 451) these requirem ents were analyzed and a m axim um  an tenna  diam eter o f 1.2 m, governed by the 
satellite launch shroud dim ensions, was postulated. For the purposes o f this R eport, the m axim um  receiving 
an tenna gain GR (̂p) will be calculated using this diam eter. The resulting gain (54.7 dB at 60 G H z for an an tenna 
efficiency o f 55 per cent) should approach  the m axim um  for any practical an tenna systems tha t will be used in the 
inter-satellite service.

4.2 Interference from  the f ix e d  and mobile services into the inter-satellite service

U nder the e.i.r.p. and pow er lim its cited in § 4.1, the interference level at the inputs to inter-satellite link 
receivers produced by rad ia tion  from  terrestrial stations will depend on the gain o f the inter-satellite link antennas 
in the direction o f the E arth ’s limb. I f  such interference is to be held to acceptably low values, the inter-satellite 
link an tenna gain in this direction m ust also be lim ited. This will im pose another condition  on how close to the 
E arth ’s limb the inter-satellite link an tennas can po in t and, hence, on the m axim um  perm issible orbital separation 
o f the satellites involved.

For exam ple, if, at the inter-satellite link receiver input, the m axim um  perm issible single interference entry 
is required to be 15 dB below the system noise in the C arson’s rule bandw idth , then the condition  on G(0), the 
inter-satellite link an tenna gain tow ards the lim b, is given by:

E T — L  + G(0) =* 10 log (kTsB ) -  15 (4)

where:

E T : m axim um  perm issible terrestrial e.i.r.p. (55 dBW ),

L  : free-space loss on interference path  (213 dB at 25 GHz),

Ts : system noise tem perature (1000 K),

B : the C arson’s rule bandw idth  o f inter-satellite link (780 M Hz).

Using the num bers shown in parentheses for illustration, the inter-satellite link will be protected to the 
desired degree provided that:

G(0) <  33.5 dB

To see w hat this implies for inter-satellite link path  geom etry, assum e again tha t the inter-satellite link 
an tenna pattern  meets the side-lobe envelope o f R eport 558. For the inter-satellite link described in Table II 
(satellite spacing 10°, Gm =  50 dB, 0O =  0.25°,

where

Gm : m axim um  an tenna gain o f inter-satellite link antenna,

0O : one half the 3 dB beam w idth o f inter-satellite link antenna),

the angle by which the inter-satellite link an tenna m ust avoid the E arth ’s limb in order to avoid interference from  
terrestrial transm itters is:

This protection  angle is illustrated in Fig. 1.

4.3 Interference from  the inter-satellite service to the fix e d  and mobile services

The criterion to protect the Fixed and m obile services from  the inter-satellite service can be estim ated by 
assum ing that the same pow er flux-densities applicable to the band  17.7 to 19.7 G H z are also applicable to the 
bands shared between the Fixed and  m obile services and  the inter-satellite service. These are specified in Nos. 2578 
and 2580 o f the R adio Regulations, as follows:

-  115 dB (W /(m 2 ■ MHz)) for 0° <  8 <  5°

-  115 +  (5 -  5 )/2  dB (W /(m 2 • M Hz)) for 5° <  8 <  25°

-  105 dB (W /(m 2 • MHz)) for 25° <  8 <  90°

where 8 is the angle o f arrival.

It can be shown that the pow er flux-density at the surface o f the E arth  caused by an inter-satellite link 
having the characteristics shown in Table II will be actually much lower than  those given above.
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To show this, note that, under free-space conditions, the interfering pfd produced by an inter-satellite link 
at the surface o f the Earth is:

Pisl +  G(0) -  162 (dB (W /(m 2 • MHz))) (5)

where:

Pisl '■ the m axim um  inter-satellite link transm itter pow er density (dB (W /M H z)),

G(0) : gain o f inter-satellite link an tenna tow ards limb o f Earth (dB).

Setting this quantity  equal to -1 1 5  dB (W /(m 2 • M Hz)), and assum ing that P/sl is at least 10 dB below the total
inter-satellite link transm itter pow er o f 10 W as shown in the exam ple o f § 1, it follows that G(0) should not
exceed 47 dB.

To determ ine how close to the limb o f the Earth the inter-satellite link an tenna can point, assume that the 
inter-satellite link an tenna pattern  meets the side-lobe envelope specified in R eport 558 for space station antennas 
in the fixed-satellite service:

[ Gm -  3 (0/0o)2 dB
q  (0) _  ) Gm — 20 dB

) Gm -  25 log (0/0o) dB
[ —10 dB

where:

0 : angle between inter-satellite link antenna axis and  limb o f Earth,

Gm : m axim um  an tenna gain (dB) o f inter-satellite link antenna,

0O : one-half the 3 dB beam w idth o f inter-satellite link an tenna,

0, : value o f 0 when G(0) =  — 10 dB.

Setting G(0) equal to 47 dB and taking 0O =  0.25° as in the exam ple o f § 4.2, it follows that the m inim um  angle 
by which the inter-satellite link an tennas m ust avoid the limb o f the Earth to prevent interference to terrestrial 
receivers is only:

for 1 ^  0/ 0o ^  2.6
for 2.6 <  0/0o ^  6.3 (6)
for 6.3 <  0/0o ^  0 i/0 o 
for 0 >  0 X

This is a negligible restriction on inter-satellite link geom etry. The orbital separation between the satellite 
term inals and the inter-satellite link is:

(p =  162.8 — 2 0 degrees (7)

where, as before, 0 is the angle between the inter-satellite link an tenna axis and  the E arth ’s limb. Thus the
condition  on 0 im posed by the pfd lim it o f —115 dB (W /(m 2 • M Hz)) is to reduce the m axim um  perm issible
orbital separation by only about ha lf a degree below that im posed by the presence o f the E arth itself (see Fig. 1).

TABLE II — Assumed inter-satellite link characteristics

Transponder output power (W) 10

Antenna half-power beamwidth (degrees) — 0.5 independent of frequency

Antenna gain (dB) =» 50 independent of frequency

System noise temperature (K) 1000 (Black sky)

Highest modulation frequency (MHz) 130

Peak frequency deviation of FM carrier (MHz) 260

Carson’s rule RF bandwidth (MHz) 780
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FIGURE 1 -  M axim um  p o ss ib le  separa tion  between in ter-sa te llite  lin ks to  a v o id  interference

<Pm a x  to avoid inter-satellite beam from hitting the Earth: 162.8°

Wmax to avoid interference to fixed and mobile services:
162.8° -  2 0 f  = 162.8° -  2(0.25°) -  162.3°

<Pmax to avoid interference to inter-satellite links:
162.8° -  2 0/ = 162.8° -  2(0.59°) = 161.62°

The least of these, 161.62° is the controlling separation.

5. Conclusions

The first generation o f inter-satellite links will probably  use m icrowave frequencies below abou t 40 G H z. 
Previous studies [Welti, 1976 and 1977] of alternative transm ission m ethods suggest a preference for the use o f FM 
rem odulation on such links. W ith this choice, RF bandw idths in the order o f 1 G H z in each direction o f 
transm ission are indicated for inter-satellite link capacities in the order o f 2000  two-way telephone circuits.

With the adoption o f sim ple sharing criteria already in force in nearby bands (cited in § 4.3), coequal 
sharing appears to be feasible between inter-satellite links having the characteristics described in Table II and  the 
fixed and  m obile services in bands near 25 G H z w ithout the need for significant design constrain ts on systems in 
any o f the services. In the higher bands allocated for the inter-satellite service and  the fixed and  m obile services, 
the additional isolation resulting from  atm ospheric attenuation  will provide even greater m argins for sharing.
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SEC TIO N  4 /9 B: C O O R D IN A T IO N  A N D  IN T E R F E R E N C E  C A LC U LA TIO N S 

Recommendation and Reports

R E C O M M E N D A T IO N  359-5

DETERMINATION OF THE CO-ORDINATION AREA OF EARTH STATIONS  
IN THE FIXED-SATELLITE SERVICE USING THE SAM E FREQUENCY BANDS  

AS THE SYSTEM S IN THE FIXED TERRESTRIAL SERVICE

(Study Program m e 2A /4)

(1963-1966-1970-1974-1978-1982)
The C C IR ,

C O N S ID E R IN G

(a) that, where earth  stations and  terrestrial stations share the sam e frequency bands, there is a possibility o f 
interference, both as regards the earth-station  transm ission interfering w ith reception at terrestrial stations, and  the 
terrestrial-station transm issions interfering with reception at earth  stations;
(b) that, to avoid such interference, it will be desirable for the transm itting  and  receiving frequencies used by
earth stations to be co-ordinated with the frequencies used by terrestrial services, which m ight be in a position
either to receive interference from  earth-station transm issions or to  cause interference to reception  at earth  
stations;
(c) that this co-ordination  will need to be established w ithin an area surround ing  the earth  station and  
extending to the limits beyond which the possibility o f m utual interference m ay be considered negligible;
(d) that this area may sometimes involve m ore than  one adm inistra tion ;
(e) that such m utual interference will depend upon  several factors, including the transm itter pow ers, an tenna
gains in the direction o f the unw anted signals, the perm issible interference levels at the receivers, m echanism s o f 
radio-w ave propagation , radio-clim atology, the distance between stations and  the te rrain  profile;
( f )  that the possibility of interference will need to be exam ined in detail in each case, tak ing  all factors in to  
account;
(g) that, as a prelim inary to this detailed exam ination , it is desirable to establish a m ethod o f determ ining, on 
the basis o f b road  assum ptions, a co-ordination  area around  an earth  station, such tha t the possibility o f m utual 
interference with terrestrial stations situated outside this area m ay be regarded as negligible; m utual co-ord ination  
between adm inistrations is required by the R adio R egulations if the co-ord ination  area o f this station  overlaps the 
territory  under the jurisdiction o f another adm inistra tion ;
(h) that the W orld A dm inistrative Radio C onference, G eneva, 1979, adop ted  the m ethod o f determ ining the 
co-ordination area set out in A ppendix 28 o f the R adio  R egulations and  invited the C C IR  to continue its studies 
on the subject (see R ecom m endation No. 711 o f the W ARC-79);
(j) that the Conference also adopted  R esolution No. 60 inviting the C C IR  to m ain ta in  the relevant texts as a 
result o f these studies in a form at which w ould perm it direct insertion into A ppendix  28 o f the R adio  R egulations 
in place o f existing § 3, 4, 6 or Annex III when it is concluded by the C C IR  Plenary Assem bly that such an 
insertion is w arranted,

U N A N IM O U S L Y  R E C O M M E N D S

1. that account be taken o f the in ternational co-ord ination  and  p lanning  which will be involved, if earth  
stations in the fixed-satellite service are to share frequency bands with terrestrial stations in nearby countries 
w ithout undue m utual interference;

2 . that the co-ordination  areas o f transm itting  and  receiving earth  stations be determ ined by the m ethod 
described in A ppendix 28 to the Radio R egulations and  on the basis o f the param eters indicated  in tha t 
A ppendix;

3. that R eport 382, which gives the results o f com plem entary studies for the determ ination  o f the 
co-ordination  area, could be useful in future but includes for the tim e being provisional p ropagation  data;

4. that § 3, 4, 6 and Annex II o f R eport 382 be updated , based on the latest p ropagation  inform ation  
adopted by Study G roup  5, in a form at suitable for direct insertion into A ppendix  28 o f  the R adio  Regulations;

5. that if such changes are sufficiently significant to w arran t revision o f A ppendix  28, a proposal for such a 
revision be m ade to the Plenary Assembly o f the C C IR  in accordance with R esolution  No. 60 o f the W orld 
A dm inistrative R adio Conference, G eneva, 1979.
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R EPO R T  382-4 *

DETERMINATION OF CO-ORDINATION AREA

(Study Program m e 2A /4)

(1966-1970-1974-1978-1982)

Preliminary Note

This R eport includes certain propagation  data  given in Reports 724, 563 and  569. Some o f this data is o f a 
provisional nature and therefore this R eport is not at present being proposed as the basis for any changes in the 
R adio Regulations. A dm inistrations are requested to com pare results obtained using this R eport with the m ethods 
o f A ppendix 28 to the R adio Regulations, and forw ard the results o f such com parisons to the C C IR .

1. Introduction

This R eport describes a procedure for determ ining the co-ordination  area around  an earth-station 
transm itter or receiver in frequency bands between 1 and  40 G H z shared between space and  terrestrial radiocom ­
m unication  services. The procedure described in this R eport is related, but not necessarily identical, to that o f 
A ppendix 28 to the R adio Regulations. In particular, § 3, 4, 6 and  A nnex II o f this R eport may differ from the 
corresponding elements o f A ppendix 28, reflecting the m ost recent p ropagation-related  findings o f the CCIR.

The operation o f transm itting  and receiving earth and  terrestrial stations in shared frequency bands 
between 1 and 40 G H z may give rise to interference between stations o f the two services. The m agnitude of such 
interference is dependent on the transm ission loss along the interfering path which, in tu rn , depends on such 
factors as length and general geom etry o f the interfering path (e.g., site shielding), an tenna directivities, radio 
clim atic conditions, and the percentage o f the tim e during which the transm ission loss should not be exceeded.

The purpose o f this R eport is to provide a m ethod to determ ine, in all azim uth directions from a 
transm itting  a n d /o r  receiving earth station, a distance beyond which the transm ission loss is expected to exceed a 
given perm issible level for all but, a given perm issible percentage o f the time. A distance so determ ined is called a 
“co-ordination  distance” and  the end points o f co-ordination  distances determ ined for all azim uths define a 
distance contour around  the earth  station — the co-ordination  contour — which contains the co-ordination area. 
W ith the appropriate  choice o f perm issible transm ission loss and  the associated percentage o f the tim e during 
which it need not be exceeded, terrestrial stations located outside the co-ordination  area should experience or 
cause only negligible interference.

The co-ordination  area is obtained by determ ining, in all azim uth directions from an earth station, the 
co-ordination  distances, and  draw ing to scale on an appropriate  m ap the co-ordination  contour, which is the
boundary  of the co-ordination  area. This R eport describes m ethods which are suitable for either graphical or
com puter determ ination o f the co-ordination  area.

A lthough it is based on technical data, the “co-ordination d istance” is an adm inistrative concept. Since the 
co-ordination  area is determ ined before any specific cases of potential interference are exam ined in detail, it m ust 
be based perforce on assum ed param eters o f the terrestrial systems, while the pertinent param eters o f the earth 
stations are known. So as not to inhibit the technical developm ent o f terrestrial systems, the param eters assum ed 
for them  must lie som ew hat beyond those presently employed.

It should be em phasized that the presence or installation o f a terrestrial station w ithin the co-ordination
area o f an earth station may, but does not generally, affect the successful operation  o f either the earth station or 
the terrestrial station, since the procedure for the determ ination o f the co-ordination area is based on very 
unfavorab le assum ptions as regards m utual interference.'

For the determ ination o f the co-ordination  area two cases may have to be considered:

— for the earth station when it is transm itting  (and hence capable of interfering with reception at terrestrial 
stations);

— for the earth station when it is receiving (and hence capable o f being interfered with by emissions from  
terrestrial stations).

T his Report should be brought to the attention o f  Study G roup 5.
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W here an earth  station is intended to transm it a variety o f  classes o f em issions, the earth-station  
param eters to be used in the determ ination o f the co-ordination  contour shall be those which lead to the greatest 
co-ordination  distances, for each earth-station an tenna beam  and in each allocated frequency band  which the earth  
station proposes to share with the terrestrial services.

W here an earth  station is intended to receive a variety o f classes o f em issions, the earth-station  param eters 
to be used in the determ ination  o f the co-ordination  contour shall be those which lead to the greatest 
co-ordination  distances, for each earth-station an tenna beam  and  in each allocated frequency band  which the earth  
station proposes to share with the terrestrial services.

It is suggested that, together with the co-ordination  contour, auxiliary contours should be draw n which are 
based on less unfavorable assum ptions than those chosen for the determ ination  o f the co-ord ination  contour. 
These auxiliary contours m ay be used to elim inate, w ithout m ore precise calculations, certain  existing or p lanned  
terrestrial stations located within the co-ordination  area from  further consideration.

2. General considerations

2.1 Concept o f  m inimum  permissible transmission loss

The determ ination  o f co-ordination  distance, as the distance from  an earth  station beyond which harm ful 
interference from  or to a terrestrial station may be considered to be negligible, is based on the prem ise that the 
attenuation  o f an unw anted signal is, or can be represented by, a m onotonically  increasing function o f distance.

The am ount o f attenuation  required between an interfering transm itter and  an interfered-w ith receiver is 
given by the “m inim um  perm issible transm ission loss for p%  o f  the tim e”, a value o f transm ission loss w hich 
should be exceeded by the actual or predicted transm ission loss for all bu t p%  o f  the tim e:

L (p )  =  Pt, -  Pr(p) dB (1)

where:

Pt, * : the m axim um  available transm itting pow er level (dBW ) in the reference bandw idth  at the inpu t to
the an tenna o f an interfering station;

Pr(p) : perm issible level o f an interfering em ission (dBW ) in the reference bandw idth  to be exceeded for
no m ore than p%  o f the time at the term inals of the receiving an tenna o f an interfered-w ith 
station, the interfering em ission originating from  a single source.

Pt, and  Pr(p) are defined for the same radio-frequency bandw idth  (the reference bandw idth) and  L (p ) and  
Pr(p) for the same percentage o f the tim e, as dictated by the perform ance criteria o f the interfered-w ith system.

Only small percentages o f the time are o f interest here, and it is necessary to distinguish between two 
significantly different m echanism s o f propagation  for an interfering em ission:

— propagation  o f signals in the troposphere via near-great circle paths; m ode (1) see § 3;

— propagation  o f signals by scattering from  hydrom eteors; m ode (2), see § 4.

2.2 The concept o f  m inimum permissible basic transmission loss

In the case o f p ropagation  m ode (1) the transm ission loss is defined in term s o f separable param eters, viz.: 
a basic transm ission loss, (i.e. a ttenuation  between isotropic antennas) and  the effective an tenna gains at both  ends 
o f an interference path. The m inim um  perm issible basic transm ission loss may then be expressed as:

Lb{p) = P,. +  Gr + Gr -  Pr(p) dB (2)

where:

Lh(p) : the m inim um  perm issible basic transm ission loss (dB) for p%  o f the tim e; this value m ust be 
exceeded by the actual or predicted basic transm ission loss for all bu t p%  o f  the tim e;

Gr  : gain (dB relative to isotropic) o f the transm itting  an tenna o f the interfering station. If  the
interfering station is an earth  station, this is the an tenna gain tow ards the physical horizon on the 
azim uth to the terrestrial station; in the case of a terrestrial station , the m axim um  expected 
an tenna gain is to be used;

Gr : gain (dB relative to isotropic) o f the receiving an tenna o f the interfered-w ith station. If  the
interfered-w ith station is an earth  station, this is the gain tow ards the physical horizon on the 
azim uth to the terrestrial station; in the case of a terrestrial station, the m axim um  expected 
an tenna gain is to be used.

Primes refer to the param eters associated  with the interfering station.



74 Rep. 382-4

D ata on rad ia tion  patterns o f earth-station antennas are to  be found  in R ecom m endation 465 and 
R eports 391 and 614. A nnex I provides num erical and graphical m ethods to determ ine the angle between the 
earth-station  an tenna m ain beam and the physical horizon, and the horizon an tenna gain, as functions o f azimuth.

W hen considering non-geostatioiiary satellites, Gr  or Gr (whichever pertains to the earth-station antenna) is 
variable with time. In such cases, an equivalent tim e-invariant earth-station an tenna gain is to be used. * This 
equivalent gain is either 10 dB less than  the m axim um  horizon an tenna gain or is that value o f horizon antenna 
gain w hich is exceeded for no m ore than 10% of the tim e (if. available), whichever is the greater.

2.3 Derivation and tabulation o f  interference parameters

2.3.1 The permissible received level o f  an interfering emission

The perm issible received level of the interfering em ission (dBW) in the reference bandw idth, to  be 
exceeded for no m ore than  ,p% o f  the tim e at the receiving an tenna term inal o f a station subject to 
interference, from  each source o f interference, is given by the general fo rm ula below:

P fp )  =  10 log (kT eB ) + J  + M (p )  -  W  dBW  (3)

where:

M (p )  =  M (p 0/n), = M 0(p 0) dB (4)

w ith: .

k  : B oltzm ann’s constant, 1.38 x 10-23 J /K ;

Te : the therm al noise tem perature o f  the receiving system (K), at the term inal of the receiving
an tenna (see N ote 1);

B : the reference bandw idth  (Hz), i.e., the bandw idth  in the interfered-w ith system over which the
power o f the interfering em ission can be averaged;

J : the ratio (dB) o f the perm issible long-term  (20% o f the time) pow er o f the interfering emission
to the therm al noise pow er o f the receiving system at the term inal o f the interfered-w ith 
receiving an tenna (see N ote 2);

p0 : the percentage o f the tim e during which the interference from  all sources may exceed the
perm issible value;

n : the num ber o f expected entries o f  interference, assum ed to be uncorrelated  for small percentages
o f the tim e;

p  : the percentage o f the tim e during which the interference from  one source may exceed the
perm issible value; since the entries o f interference are not likely to occur sim ultaneously:
P =  A )/" ; . :

M0(p 0) : the ratio  (dB) between the perm issible aggregate pow er level o f all interfering em issions (all
entries) to be exceeded for pQ% o f  the tim e, and tha t to be exceeded for 20% o f the tim e (see 
N ote 3); '

M (p )  : the ratio  (dB) betw-een the perm issible pow er level o f one interfering em ission (single entry) to
be exceeded for p%  o f the tim e, and the perm issible aggregate pow er level o f all interfering 
em issions (all entries) to be exceeded for 20% o f the tim e;

W : an equivalence factor (dB) relating interference from  interfering em issions to that caused,
alternatively, by the in troduction  o f additional therm al noise o f equal pow er in the reference 
bandw idth. It is positive when the interfering em issions w ould cause m ore degradation than 
therm al noise (see N ote 4).

Tables I and II list values for the above param eters.

T his equivalent antenna gain is not to  be used w hen the earth-station antenna points in the sam e direction for appreciable  
p eriods o f  tim e (e.g. w hen w orking to space probes or to satellites w hich are aim ost geostationary).



TABLE I — Parameters required for the determination o f coordination area for a transmitting earth station

Type of terrestrial station Line-of-sight radio-relay station Trans-horizon radio-relay 
station

Frequency bands (GHz) (6) 1-10 10-15 15-40 1-10

Type of modulating signal of terrestrial station (') A N A N N A

Interference 
parameters 
and criteria

Po (%) 0.01 0.001 0.01 0.003 0.003 0.01

n 2 1 2 1 1 1

p m 0.005 0.001 0.005 0.003 0.003 0.01

J  (dB) (2) 16 - 6 16 - 6 - 6 9

M0 (po) (dB) (3) 17 41 17 30 30 17

W (dB) (4) 0 0 0 0 0 0

Terrestrial
station

parameters

B (Hz) 4 x 103 106 4 x 103 106 106 4 x 103

Gr(dB)(5) 45 (7) 45 (7) 50 50 50 52

AG (dB) 3 (7) 3 (7) 8 8 8 10

Te (K) 750 750 1500 1500 3200 500

Auxiliary
parameters

5  (dBW) 176 (8) 150 (8) 178 157 154 192

Prip) (dBW) 
in B -131 -  105 -128 -  107 -  104 -  140

(’) A: Analogue modulation, N : Digital modulation
For those situations where the type of modulating signal of the terrestrial station could be both analogue and digital, the parameters leading to the largest coordination area should be used.

(2) Note 2 in § 2.3.1 defines and discusses the value of the parameter /for both analogue and digital systems. With the addition of an annex to Report 877, which proposes interference criteria into digital radio-relay 
systems, the value of J  for digital systems requires further study along with the value of Po (%) and n.

(3) and (4): See Notes 3 and 4 in § 2.3.1.
(5) Feeder losses are not included in values for
(6) The allocated frequency bands are given in Appendix 28 to the Radio Regulations.
(7) Value shown is for 6 GHz. For other frequencies, appropriate values are given in Table I bis.
(8) The value shown is for 6 GHz and for other frequencies the values may be deduced from Table I bis. For a definition of the parameter S, see § 2.3.2.

TABLE I bis

Frequencies (GHz) 1.5 2 4 6 7-8

Gr (dB) 35 37 42 45 47

AG (dB) - 7 - 5 0 3 5

R
ep. 

382-4
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TABLE II — Parameters required for the determination o f coordination area for a receiving earth station

Space radiocommunications 
service Fixed-satellite

Space
research Meteor­

ological
Satellite

(9)

Space
Opera­

tion
Tele­
metry

(9)

Satellite
earth

exploration
(9)

Near-
earth

Deep
space
and

manned

Frequency bands (GHz) (6) 1-10 10-15 15-40 1-10 1-10 1-15 1-10 1-10 10-40

Type of 
modulating 

signal (')

Earth
station A N A N N — — — —

Terrestrial
station A A A A N A A A A

Interference 
parameters 
and criteria

Po (%) 0.03 0.003 0.03 0.003 0.003 0.1 0.001 1.0

n 3 3 2 1 1 2 1

P (%) 0.01 0.001 0.015 0.003 0.003 0.05 0.001

J  (dB) (2) -8 .5 -8 .5 -8 .5 -8 .5 -8 .5 — —

M 0(po) (dB) (3) 17 >  5 17 >  5 > 5 — —

W  (dB) (4) 4 0 4 0 0 — —

Terrestrial station 
(line-of-sight) 

parameters

E  (dBW) 
in B 55 55 55 55 35 (7) 25 (8) 25 (8) 55 55 55

P  (dBW) 
in B 13 13 10 10 - 10 (7) -  17 (8) -  17 (8) 13 13 13

AG (dB) 0 0 3 3 3 0 0 0 0 0

Terrestrial station 
(trans-horizon) 

parameters

E (dBW) 
in B 92 92 — — — 62 (8) 62 (8) 92 — —

Pr (dBW) 
in B 40 40 — — — 10 (8) 10 (8) 40 — —

AG (dB) 10 10 — — — 10 10 10 — —

Reference
bandwidth B (  Hz)(5) 106 106 106 106 106 1 1 106

Permissible
interference

power
Pr iP) (dBW) 

in B -220 -220 -  154

(') A: Analogue modulation; N : Digital modulation.
(2) (3) and (4): See Notes 2, 3 and 4 in § 2.3.1.
(5) In certain systems in the fixed-satellite service it may be desirable to choose a greater reference bandwidth B when the system requirements 

indicate that this may be done. However, a greater bandwidth will result in smaller coordination distances, and a later decision to reduce the 
reference bandwidth may require re-coordination of the earth station. It may also be desirable to decrease the value of the reference 
bandwidth; for example, for narrow-band transmissions the reference bandwidth B might be assumed to be equal to the narrow bandwidth 
occupied by the wanted transmissions.

(6) The allocated frequency bands are given in Appendix 28 to the Radio Regulations.
(7) These values assume an RF bandwidth of no less that 100 MHz and are 20 dB below total power assumed per emission.
(8) These values are estimated for 1 Hz bandwidth and are 30 dB below the total power assumed for emission.
(9) Parameters associated with these services may vary over a rather wide range. Further study is required before representative values become 

available.
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In certain cases, an adm inistra tion  may have reason to believe that, for its receiving earth  station, a 
departure from  the values associated with the earth  station, as listed in Table II, m ay be justified. 
A ttention is draw n to the fact that for specific systems the bandw idths B  or, as for instance in the case o f 
dem and assignm ent systems, the percentages o f the tim e p  and  p0 may have to  be changed from  the values 
given in Table II. For further in form ation see § 2.3.6.

Note 1. — The noise tem perature (K) o f the receiving system, referred to  the ou tpu t term inals o f the 
receiving antenna, may be determ ined from :

Te =  Ta + (e -  1) 290 +  eTr K (5a)

where:

Ta : noise tem perature (K) contributed by the receiving an tenna;

e : num erical loss in the transm ission line (e.g. a waveguide) between the an tenna term inal and  the
receiver front end;

Tr : noise tem perature (K) o f the receiver fron t end, including all successive stages at the fron t end input.

For radio-relay receivers and  where the waveguide loss o f a receiving earth  station  is not know n, a 
value o f e = 1.0 should be used.

Note 2. — The factor J  (dB) is defined as the ratio  o f total long-term  (20% o f the tim e) perm issible pow er 
o f the aggregate o f all in terfering em issions to the long-term  therm al rad io  frequency noise pow er in the 
reference bandw idth  o f a single receiver. In the com putation  o f this factor, the interfering em ission is 
considered to have a flat pow er spectral density, its actual spectrum  shape being taken into account by the 
factor W  (see below). For exam ple, in a 50-hop terrestrial hypothetical reference circuit, the to ta l allow able 
additive interference pow er is 1000 pWOp (R ecom m endation 357) and  the m ean therm al noise power in a 
single hop may be assumed to be 25 pWOp. Therefore, since in a frequency-division m ultip lex /frequency  
m odulation  (FD M -FM ) system the ratio o f a flat interfering noise pow er to the therm al noise pow er in the 
same reference bandw idth  is the same before and  after dem odulation , J  is given by the ratio  1000/25 
expressed in dB, i.e. 7 = 1 6  dB. In a fixed-service satellite system, the to ta l allow able terrestrial in terfer­
ence pow er is also 1000 pWOp (R ecom m endation 356), but the therm al noise contribu tion  o f the dow n link 
is not likely to exceed 7000 pWOp, hence J  > —8.5 dB.

In digital systems, interference is m easured and  prescribed in term s o f the perm issible bit error 
ratio increase. W hile the bit error ratio increase is additive in a reference circuit com prising tandem  links, 
the radio-frequency pow er o f interfering em issions giving rise to such bit erro r ratio  increase is not
additive, because bit error ratio  is not a linear function o f the pre-dem odulation  signal-to-noise or
signal-to-interfering em ission ratio. Thus, it may be necessary to protect each receiver individually. The 
m atter o f interference criteria for the protection  o f digital transm issions is still under study. However, 
Recom m endation 558 stipulates that the received aggregate level o f long-term  unw anted  em issions should 
not exceed 10% o f the total pre-dem odulation  noise-plus-interfering pow er which produces a 10-6  bit erro r 
ratio in 8 -bit PCM  encoded telephony signals received by an earth station  in the fixed-satellite service. 
Assuming that the therm al noise pow er in such a signal w ould no t account for m ore than  70% o f the to tal 
noise-plus-interfering power, a value o f J  > —8.5 dB would also be appropriate .

For digital terrestrial systems it is desirable that the individual link m argin not be degraded by 
m ore than  1 dB due to the presence o f long-term  interfering emissions. This w ould be achievable by 
selecting a value o f J  > —6 dB.

Note 3. — Mq( p0) (dB) is the “interference m arg in”, i.e., the ratio  (dB) o f the short-term  ( pQ%) to the
long-term  (20%) allowable pow er level o f the aggregate o f all in terfering em issions.

For analogue radio-relay and  fixed-satellite systems this is equal to the ratio  (dB) between 
50 000 and  1000 pWOp (17 dB).

In the case o f digital systems, system perform ance can, in m ost areas o f the w orld, usefully be 
defined as the percentage o f the tim e p0 for which the w anted signal is allow ed to d rop  to its operating 
threshold, defined by a given bit error ratio. D uring non-faded operation  o f a system, the desired signal 
will exceed its threshold level by some m argin M s. The greater this m argin, the greater the enhancem ent o f 
the interfering em ission which would degrade the unfaded system to th reshold  perform ance.
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It can be shown that degradation to  threshold  o f an unfaded system from  an enhancem ent o f the 
level o f an in terfering em ission is given approxim ately  by the expression:

M 0(Po) =  M s -  J  dB (5b)

where all param eters are in dB as defined above. However, values o f M0(p 0) greater than about
— 10 log p0 dB (where p0 is in per cent o f the time) should generally not be used, especially not with
propagation  m ode ( 1) on overland paths, since for such higher values o f M0(p0) co-ordination  distances 
determ ined only for the sm all percentages o f the tim e might no t afford sufficient protection for nom inal 
(20% of the time) operation  o f interfered-w ith systems.

Note 4. — The factor W  (dB) is the level o f the radio-frequency therm al noise pow er relative to the 
received pow er o f an interfering em ission which, in the place o f the form er and contained in the same 
(reference) bandw idth , w ould produce the sam e interference (e.g., an increase in the voice or video channel 
noise pow er, or in the bit error ratio). The factor W  generally depends on the characteristics o f both the 
w anted and  the interfering signals.

For interference between FD M -FM  telephony transm issions, W may be calculated from :

W  =  19.3 +  10 log [ m f  (1 +  rmt )] +  10 log [p ( f / f m)] - B  dB (5c)

where:

m, : rms m odulation  index o f  the w anted transm ission;

r : peak-to-rm s voltage ratio  in the w anted transm ission.

The term s p ( f / f m) and  B  are defined in R eport 388.

W hen the rms m odulation  index o f the w anted signal is greater than  about 0.8, W  will not exceed a 
value o f about 4 dB when the reference bandw idth  is chosen as the radio-frequency “noise” bandw idth of 
the w anted signal.

F or very low rms m odulation  indices o f  the w anted signal, W  may assume a large range o f  values, 
increasing with decreasing m odulation  indices o f both the w anted and  the unw anted signals. For such 
cases it has proven useful to  choose as the reference bandw idth  the nom inal voice channel bandw idth of 
4 kHz, and  then W  <  0 dB.

W hen the w anted signal is digital, W  is usually equal to o r less than  0 dB, regardless o f the 
characteristics o f the in terfering signal.

R eport 388 contains in form ation  by m eans o f which W  may be determ ined m ore precisely.

2.3.2 Interference from  an earth station: the sensitivity fac tor

From  equation  (2) one can isolate the term s Gr — Pr(p) and define an interference sensitivity 
factor S  (dBW ) o f the interfered-w ith terrestrial stations:

S  = Gr -  Pr(p) dBW

Table I shows values o f this factor fo r various types o f terrestrial stations.

The co-ordination  con tour is associated with a (m axim um ) sensitivity factor 5  and  may be labelled 
with its value. In addition , however, it is useful to trace auxiliary contours for which the sensitivity 
factor S  is 5, 10, 15, 20 dB, etc., low er than  the factor corresponding to the co-ordination  contour. These 
auxiliary contours m ay be used to elim inate, w ithout recourse to m ore precise calculations, certain existing 
o r p lanned  stations located w ithin the co-ordination  area from  further consideration.

2.3.3 Interference from  a terrestrial station into an earth s ta tio n : equivalent isotropically radiated power

From  equation  (2) one may, likewise, isolate the term s Pt, +  G,. and define the equivalent 
isotropically  rad ia ted  pow er E ' (in dBW ) o f the interfering terrestrial stations:

E ' =  Pt, +  Gt, dBW

values for which are listed in Table II.

In addition  to the co-ordination  con tour determ ined for and  labelled with the m axim um  value for 
E ', it is useful to  trace auxiliary contours for which the values E ' are 5, 10, 15, 20 dB, etc., lower than the 
value corresponding to  the co-ord ination  contour. These auxiliary contours facilitate elim ination o f certain 
terrestrial stations from  further consideration.
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2.3.4 Examples

— determ ine the m inim um  perm issible transm ission loss and the m inim um  perm issible basic transm ission 
loss in the case o f interference from  an earth  station , operating  with a geostationary  satellite, in to  a 
terrestrial station, operating  at 6 G H z, both  stations using angle m odulation .

U sing Table I: Pr(0.005%) =  -1 3 1  dBW
5  =  176 dBW

so that, with equation  ( 1):

L (p )  =  L (0.005%) =  Pr +  131 dB

and, with equation  (2):

Lb(p ) =  Lh (0.005%) =  Pr + Gy +  G, — Pr(0.005%) dB
Pt, -f Gfi +  5  dB

=  Pt, +  Gr +  176 dB

— determ ine the m inim um  perm issible transm ission loss and  the m inim um  perm issible basic transm ission 
loss in the case o f interference from  a terrestrial station  into an earth  station  operating  with a 
geostationary satellite, at 4 G Hz, both  stations using angle m odulation .

Using Table II: Fr(0.01%) =  10 log Te -  164 dB
E ' =  55 dBW
Gr (assum ed) =  42 dB, thus P, = 13 dBW

so that, with equation ( 1):

L {p)  =  L(0.01%) =  1 3 - 1 0  log Te +  164 dB
=  177 -  10 log Te dB

and  with equation (2):

L h(p ) =  L*(0.01%) =  Pt, +  Gr + Gr -  Pr(0.01%) dB
=  E ' +  Gr -  10 log Te +  164 dB
=  Gr -  10 log Te + 219 dB

under the assum ption tha t the interference pow er in a voice channel m ay be 1000 pW p when the 
therm al noise pow er is 7000 pW p (J  = — 8.5 dB, see N ote 2 above), and the radio-frequency 
bandw idth  is 1 MHz.

2.3.5 Additional form s o f  auxiliary contours

The auxiliary contours described in § 2.3.2 and  2.3.3 m ay also be labelled in term s o f avoidance 
angles, as discussed in Annex I o f R eport 448.

2.3.6 Co-ordination parameters fo r  earth stations receiving very narrow-band transmissions

2.3.6.1 General

In the case o f an earth  station which receives both b ro ad b an d  and very narrow band  transm issions 
(e.g. single channel per carrier, SCPC, transm issions) it m ay be desirable to determ ine two separate 
co-ordination  contours: one for the narrow -band transm issions and one for the b road -band  transm issions, 
indicating the specific frequency bands used for the very narrow -band  transm issions. The requirem ent for 
co-ordination  o f narrow -band  transm issions m ay result in larger co-ord ination  distances. F urther study is 
required to establish appropria te  values for the param eters J, p, M (p ), W, etc. O ne adm inistra tion  has 
proposed a calculation m ethod o f such param eters [CCIR, 1978-82a].

2.3.6.2 Pre-assigned narrow-band transmissions

For such transm issions, it is appropria te  to change the value o f the reference bandw idth  to the 
value o f the radio-frequency bandw idth  occupied by one such narrow -band  transm ission.

2.3.6.3 Dem and-assigned narrow-band transmissions

For such transm issions, in addition, it may be app rop ria te  to  take into account the reduced 
probability  that a particular frequency channel will be suffering interference at the tim e when it is actually  
selected (“dem anded”) for use at an earth station.
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3. Determination of co-ordination distance for propagation mode (1) -  great circle propagation mechanisms

3.1 Radio-climatic zones

In the calculation o f co-ordination distance for p ropagation  m ode (1), it is convenient to divide the world
into three basic radio-clim ate regions term ed Zones A, B and C. These zones are defined as follows:

— Z one A: land, with the exception o f a coastal strip the w idth o f which is either 50 km or that distance from
the actual coast at which the terrain  begins to exceed an altitude o f 100 m, whichever is the lesser 
distance;

— Zone B: seas, oceans and substantial bodies o f inland w ater (as a criterion o f a substantial body o f water,
one which can encom pass a circle o f 100 km diam eter), at latitudes greater than 23.5° (N orth or
South), excluding the M editerranean and Black Seas, but including the coastal strip defined above
w herever land borders the sea at latitudes greater than 23.5°;

— Z one C: seas, oceans and substantial bodies o f inland w ater (as a criterion o f a substantial body of water,
one which can encom pass a circle o f 100 km diam eter), at latitudes less than 23.5° (N orth
or South), including the M editerranean and Black Seas, and the coastal strip defined above 
w herever land borders the sea at latitudes sm aller than 23.5°.

3.2 Calculation o f  co-ordination distance fo r  paths within a single radio-climatic zone

3.2.1 General

Equation (2) provides the value o f basic transm ission loss Lh(p ) to be exceeded for all but p%  of 
the time. From  this m inim um  perm issible basic transm ission loss, the co-ordination  distance in each 
radio-clim atic zone is derived using either o f two alternative methods. The first m ethod, described in 
§ 3.2.2, is a num erical m ethod com prising several m athem atical equations, and is intended principally  for 
use with the aid o f a com puter. The second m ethod is a graphical m ethod and is described in § 3.2.3.

W here the distance derived from  § 3.2.2 or 3.2.3 lies entirely within the boundary  o f the
radio-clim atic zone appropriate  to the earth  station, tha t distance is taken as the actual co-ordination
distance for p ropagation  m ode (1). I f  the distance extends beyond the boundary  o f one radio-clim atic
zone, the overall co-ordination  distance is obtained using the m ethod given in § 3.3.

3.2.2 Numerical method

The m inim um  perm issible basic transm ission loss is related to co-ordination distance by the 
follow ing expression:

Lh{p) =  A 0 +  M  +  A h dB (6)

in which:

A 0 = 120 +  20 lo g /  dB,

(3 : rate o f attenuation  (dB /km ),

dx : co-ordination  distance for p ropagation  m ode ( 1) (km),

/ :  frequency (GHz),

A h : horizon angle * correction (dB). It is given by:

A h =  20 log [1 +  4.5 0 / 0-5] +  0/ 033 dB for 0 >  0° (7a)

=  0 dB for 0 <  0° (7b)

Values for A h in excess o f about 40 dB should be used with caution for overland interference paths
since for such paths tropospheric scatter propagation , not reflected in equation (6) and being less sensitive
to the m agnitude o f the horizon angle, could otherw ise becom e the dom inan t propagation  m ode and 
produce interference in excess o f that permissible.

From  equation (6) the co-ordination  distance dx m ay be foynd as follows:

4  =  (L b(P) -  -  A h)/13 km (8)

The horizon angle 0 is defined here as the angle, view ed from  the centre o f  the earth-station antenna, betw een the  
horizontal p lane and a ray that grazes the visib le physical horizon in the direction concerned.
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The value o f (3 depends on the radio-clim atic zone and the percentage o f tim e p, and  is the sum o f 
three com ponents:

P =  pz +  p v +  P0 d B /k m  (9)

in which

p , : rate o f attenuation  (dB /km ) due to all effects except atm ospheric gases;

Pv : rate o f attenuation  (dB /km ) due to atm ospheric w ater vapour;

P0 : rate o f attenuation  (dB /km ) due to oxygen.

The term  Pz depends on the radio-clim atic zone, the frequency and  the percentage o f tim e as 
follows:

for Zone A (overland):

Pza = °-05 +  (0.12 +  0.15 l o g / )  p 0 '2 d B /k m  (10)

for Zones B and C (oversea):

pzs =  (0.03 +  0.09 log ( / +  1)) p 0A* d B /k m  (11a)

; pzc =  (0.03 +  0.08 log ( / +  1)) p 0A1 d B /k m  ( l ib )

The term  P„ depends on the frequency and the density o f w ater vapou r in the air as follows:

P- -  [ ° 067 + ( / - 2 2 . y  +  6.6 + ( / -  +  s ]  /2  P 10"4 dB/km <12>

where p is the w ater vapour density (g /m 3), and depends on the radio-clim atic zone. The follow ing values 
are to be used:

Zone A, p =  1 g /m 3,
Zone B, p =  2 g /m 3,
Zone C, p =  5 g /m 3.

The term  P0 depends on the frequency as follows:

3 =   1-------------\ ---------- 1 / 2 10~ 3 dB /km  (13)
Po | _ / 2 +  0.33 ( / —57) +  1.96J

3.2.3 Graphical m ethod

The equations given in § 3.2.2 have been converted into graphical form , to  provide a second 
m ethod o f obtaining co-ord ination  distance for propagation  m ode (1). It is em phasized tha t the procedure 
described in this section is an alternative to that described in § 3.2.2 and  each adm inistra tion  should use 
the m ethod which is considered m ost convenient.

The m inim um  perm issible basic transm ission loss Lb(p) is ob ta ined  from  equation  (2). A
“co-ordination  loss” , L , , is ob tained from  the m inim um  perm issible basic transm ission loss by subtracting 
the horizon angle correction A h:

L\ -  L b(p) -  A , dB (14)

Values for the horizon angle correction A h are ob tained from  Fig. 1 for the app rop ria te  frequency 
and horizon angle. For overland paths (Zone A) values o f A h greater than  40 dB should be used w ith 
caution (see § 3.2.2) since under those conditions tropospheric  scatter fields, no t considered here, m ay 
begin to predom inate.

The co-ordination  distance in each radio-clim atic zone is to be ob ta ined  as follows. Taking Zone A 
first, the co-ordination  distance for 0 .01% o f the tim e, ^ ( 0 .01 ) is ob ta ined  with the app rop ria te  value o f 
co-ordination  loss L, and frequency / from  Fig. 2. The Zone A co-ord ination  distance for p%  o f the tim e is
then obtained by m ultiplying the distance for 0.01% o f the tim e by the fac to r A pA given in Fig. 3.

dA = dA(0.01) x A Pa km (15)

In a sim ilar m anner, the co-ordination  distance in Z one B is ob ta ined  using values for dB(0.01) 
and A p B obtained from  Figs. 4 and 3 respectively, and the co -o rd ination  distance in Zone C is ob ta ined  
using values for dc (0.01) and  A p c obtained from  Figs. 5 and 3 respectively.
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Horizon angle 0 (degrees)

FIGURE 1 -  Horizon angle correction Ah as a function o f horizon angle and frequency
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Frequency (GHz)

FIGURE 2 -  Coordination distance dA (0.01) fo r  0.01% o f  the time due to propagation m ode (I) as a  function o f  frequency
and coordination loss in Zone A
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Percentage of the time, p  (%)

FIGURE 3 -  Coordination distance correction factor for propagation mode (I) for percentage o f the time
between 0.001% and 1.0%
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FIGURE 4 -  Coordination distance dB (0.01) fo r  0.01% o f  the time due to propagation m ode (1) as a function o f  frequency and
coordination loss in Zone B
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Lb - A h (dB):

Frequency (GHz)

FIGURE 5 -  Coordination distance d c  (0.01) fo r  0.01% o f  the time due to propagation m ode (1) as function o f  frequency and
coordination loss in Zone C.
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3.3 M ixed paths

If  the distance being calculated extends through m ore than one radio-clim atic zone (m ixed path), the 
prediction is m ade as follows:

Designating the successive path  sections in different zones by use o f the suffixes i, j ,  k . . . ,  it follows that:

Lb{p) -  A0 -  A h = M , (16)

where P, is the rate o f attenuation  in the first zone.
Now, in the direction considered, if  the value dt is greater than the actual distance D, in the first zone, it 

follows that:

Lb(p) -  A0 -  A h -  P ,A  =  pjdj dB (17)

and  so dj is found. If the value dj is greater than  the distance Dj o f  the path  in the second zone, it can then be 
stated that:

Lb(P) ~  A0 -  A h -  p -  pjDj =  Pkdk dB (18)

from  which dk may be found. This m ethod may be extended as necessary, and in the case given, the to ta l distance 
dx may now be expressed as:

dx = D, -I- Dj + dk km  (19)

A nnex II provides exam ples for the graphical app lication  o f this procedure.

3.4 M axim um  co-ordination distance fo r  propagation mode (1)

In the process o f determ ining the co-ord ination  distance for p ropagation  m ode (1) in zones B or C, if 
values result which exceed the appropria te  value given in Fig. 6 or in Table III , the co -ord ination  distance for 
p ropagation  m ode (1) shall be the value given in Fig. 6 o r in Table III. In the case o f m ixed paths, the values to 
be considered are those given for Zones B and  C as appropriate .

FIGURE 6 -  Maximum coordination distance for Zones B and C. Propagation mode (1)

TABLE III — Maximum co-ordination distances. 
Propagation mode (1)

Zone
Percentage of the Time

0.001 0.01 0.1 1.0

B 2000 km 1500 km 1200 km 1000 km

C 2000 km 1500 km 1200 km 1000 km
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4. Determination of co-ordination contour for propagation mode (2) — scattering from hydrometeors

The determ ination  o f co-ordination  contour for scattering from  hydrom eteors (rain scatter) is predicated 
on a path  geom etry which is substantially  d ifferent from  tha t o f the great circle propagation  mechanisms. As a 
first approxim ation , energy is scattered isotropically by rain , so that interference may result for large scattering 
angles, and for beam  intersections away from  the great circle path.

4.1 The normalized transmission loss L 2(p )

To determ ine the co-ordination  contour associated with rain scatter, it is necessary to calculate a 
“norm alized transm ission loss”, given by:

L 2(p) -  Pt, + A G  -  Pr(p) dB (20)

where:

A G : difference (dB) between the m axim um  gain o f terrestrial station antennas in the frequency band
under investigation and  the value o f 42 dB. W hen the earth station is a transm itting station, the 
values show n in Table I should be used; when it is a receiving station, the values shown in 
Table II should be used.

The other two param eters have been defined in § 2. For terrestrial stations, values o f Pr are listed in 
Table II.

Values for norm alized transm ission loss for other percentages o f the tim e as they may be needed in the 
procedure described in § 4.3.3 may be estim ated from :

K  (Px) -  L 2 (?) +  M  (P)
log (Px/P) 

1.7 -  log p
dB (20a)

where px is the desired percentage o f the time, L 2(p) is as obtained from  equation  (20) for short-term  percentage p, 
and M {p)  can be obtained from  Tables I or II.

4.2 Rain-climatic zone

The w orld has been divided into rain-clim atic zones which are shown on the m ap of Annex III. The 
A nnex also gives, for each rain-clim atic zone, the cum ulative distribution  o f rainfall rate.

4.3 Determination o f  the distance dr

A detailed m ethod for the calculation o f the rain-scatter interference is given in R eport 569. A sim plified 
m ethod for the determ ination  o f the rain-scatter distance, based only on the backscatter distance is given herein 
(see also R eport 724). This sim plified m ethod allows the contour to be draw n in the form  o f a circle.

4.3.1 Calculation m ethod

The norm alized transm ission loss is used in the following equation from  which the distance dr is to 
be obtained:

L 2 =  126 +  20 log dr -  20 l o g / -  13.2 log R  

+  10 log A b + 10 log 5 — 10 log C

+ P 0d0 + PA

dB (21)

wherein the only tim e-dependent variable is the rainfall rate R, (m m /hr), and  further: 

dr : rain-scatter distance (km );

/ :  frequency (GHz).

The other term s in equation (21) are defined as follows:

10 log A„ = 0.005 ( / - 10)1-7 R 0A dB for 10 G H z <  /  <  40 G H z
=  0 dB for /  <  10 G H z

(22)

10 log B  = Yu
g U a d  ___ g U o d c / 2

+  e
— e

dB (23)
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with:

y R =  k R a dB /km . Values for k  and a  are given in Table IV.

d  =  3.8 — 1.38 log R  km

b =  0.83 -  0.39 log R

c =  0.026 -  0.069 log R

u =  c +  b /d

dc = 3.3 R -° m  km

The term  10 log B  is shown in Fig. 7 as a function of frequency / and  rainfall rate R. 

Further:

10 log C =  10 log
2-17 . „  1
— - ( 1  -  10“ YRdz/5) dB (24)
Y Rdz j

with:

dz  =  3.5 R - 008 km

Further:

dQ =  0.7 dr +  32 km ; dr < 340 km ^25)

=  270 km ; dr > 340 km

and:

dv — 0.7 dr + 32 km ; dr < 240 km 2̂6 )

=  200 km ; dr > 240 km

The values for specific gaseous absorption , P0 (for oxygen), and  |3V (for w ater vapour) m ay be 
calculated from  equations (13) and (12), respectively, w ith p to  be equal to  2 g /m 3 for rainfall rates below  
about 20 m m /h r, and  5 g /m 3 for rainfall rates o f 20 m m /h r, o r greater.

For a given rainfall rate, equation (21) may be solved for dr th rough  an iterative calculation
process.

G raphical solutions for equation (21) are show n in Figs. 8 to 17 w hich show dr as a function  o f the 
rainfall rate R  with the norm alized transm ission loss L 2 as a param eter. *

TABLE IV — Frequency dependent parameters 
Propagation mode (2)

Frequency
(GHz) 1 4 6 8 12 14 18 22.4 28 40

k 0.000035 0.0006 0.00155 0.00395 0.0168 0.0287 0.0553 0.0902 0.145 0.31

a 0.88 1.07 1.27 1.31 1.20 1.153 1.094 1.051 1.012 0.929

It will be observed that the curves shown in Figs. 10 to 17 of this Report are not the same as those of Figs. 8 to 15 of 
Report 724 which, however, deal with the same subject (cf. expression (21) of this Report and expression (11) of 
Report 724). In the curves of Report 724 the descending characteristic after the maximum is not shown because in 
cumulative terms any such diminution in indicated distance is not of practical importance. However, in this present Report 
it is considered more practical to show the direct relationship between rainfall rate R and distance dr as the first step, and 
subsequently to take into account the rain rate Rm associated with the maximum distance as shown in § 4.3.3(b).
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1 2 5 10 20 50 100

Frequency (GHz)

FIGURE 7 -  The term 10 log B versus frequency and rainfall rate
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0.5 1 2 5 10 20 50 100 200

Rainfall rate R (mm/h)

FIGURE 8 -  Distance (dr)  as a function o f  rainfall rate (R) with the transmission loss (L? or L x)  as a param eter

/ =  1 GHz
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0,5 1 2 5 10 20 50 100 200

Rainfall rate R (mm/h)

FIGURE 9 -  Distance (dr) as a function o f rainfall rate (R) with the transmission loss (X2 or L J  as a parameter

f =  4 GHz
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Normalized transmission loss (dB):

Rainfall rate R (mm/h)

FIGURE 10 -  Distance (dr)  as a function o f rainfall rate (R) with the transmission loss (L2 or L J  as a parameter

/  = 6 GHz
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Normalized transmission loss (dB):

Rainfall rate R  (mm/h) m

FIGURE 11 -  D istance (dr)  as a function o f  rainfall rate (R) with the transmission loss (L2 or L J  as a param eter

/  = 8 GHz
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Normalized transmission loss (dB):
400

2 5 10 R m 20 50 100 200

Rainfall rate R (mm/h)

FIGURE 12 -  Distance (dr)  as a function o f  rainfall rate (R) with the transm ission loss (L2 or L-J as a param eter

/ =  12 GHz
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Normalized transmission loss (dB):
400

200

Rainfall rate R (mm/h)

FIGURE 13 -  Distance (dr)  as a function o f  rainfall rate (R) with the tramsmission loss (L2 or L^J as a param eter

/ =  14 GHz
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400
Normalized transmission loss (dB):

200

Rainfall rate R (mm/h)

FIGURE 14 -  Distance (dr)  as a function o f  rainfall rate (R) with the transm ission loss (L2 or L J  as a param eter

/ =  18 GHz



D
ist

an
ce

 
dr 

(k
m

)

98 Rep. 382-4

Normalized transmission loss (dB):

Rainfall rate R  (mm/h)

FIGURE 15 -  Distance (dr)  as a function o f  rainfall rate (R) with the transmission loss (L2 or L J  as a param eter

/ =  22.4 GHz
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Normalized transmission loss (dB):

Rainfall rate R (mm/h)

FIGURE 16 -  Distance (dr)  as a function o f  rainfall rate (R )w ith  the transm ission loss (L2 or L J  as a param eter

/ =  28 GHz
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Normalized transmission loss (dB):

Rm Rainfall rate R (mm/h)

FIGURE 17 -  Distance (dr)  as a function o f  rainfall rate (R) with the transmission loss (L2 or L J  as a param eter

/  = 40 GHz
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4.3.2 M axim um  rain-scatter distances

In the process o f determ ining the rain-scatter distance for p ropagation  m ode (2), if  values result 
which exceed the appropria te  value given in Table V, the rain-scatter distance for p ropagation  m ode (2) 
shall be the value given in that Table.

TABLE V — Maximum rain-scatter distance (km)

Percentage of 
the time

Latitude (degrees)

0-30 30-40 40-50 50-60 >  60

1.0 360 340 290 260 240

0.1 360 340 310 290 260
0.01 370 360 340 310 280
0.001 380 370 360 340 300

4.3.3 Determination o f  the m axim um  rain-scatter distance drmax

The m anner in which the distances dr as calculated or as ob tained from  Figs. 8 to 17 are to be used
to establish the rain-scatter contour is the following:

(a) determ ine, from  A nnex III , the rainfall rate R (p )  for the rain clim ate in which the earth  station  is 
located and for the percentage o f tim e p  o f  the short-term  in terference criteria. For a diversity earth  
station, for each diversity site, the appropria te  rainfall rate is tha t at which sw itching to the other site 
occurs. For frequencies below 8 G H z, proceed to step (d) with R (p )  and  L 2(p). For frequencies above 
or at 8 G H z proceed to step (b);

(b) determ ine, from  Figs. 11 to 17, for the appropriate  frequency, the rainfall rate Rm. I f  R m is greater 
than  the rate R (p )  determ ined in step (a), proceed to step (d) with R (p )  and L 2(p). I f  R m is less than  
R (p ), proceed to  step (c)\

(c) determ ine, from  Annex III , for the applicable rain  clim ate, the percentage o f tim e px which is 
associated with R m. D eterm ine from  equation (20a), the norm alized transm ission loss Lx(p x) for th a t 
percentage o f time. Proceed to step (d) w ith R m and Lx(p x)\

(d) determ ine, from  Figs. 8 to 17, for the appropriate  frequency and  for the rainfall rate ob ta ined , the 
distance dr for the required transm ission loss. Proceed to step (e);

(e) com pare the distance so found with the appropria te  distance from  Table V; the sm aller o f the two 
distances is the m axim um  rain-scatter distance drmax.

These steps are illustrated in the form  of a flow diagram  in Fig. 20. N ote tha t the procedure o f this
section need only be carried out once since the resulting rain-scatter co-ord ination  contour is a circle o f
the radius drmax.

For com puter application  it is necessary to program  steps equivalent to steps (a) to (e) above.

4.4 Construction o f  the rain-scatter co-ordination contour

Due to the peculiar geom etry associated with rain-scatter p ropagation , the location o f the centre o f the 
rain-scatter co-ordination contour does no t coincide with the location o f the earth  station. The distance by w hich 
these locations are separated is designated Ad.

The rain-scatter distance drmax, and  the elevation angle o f the m ain beam  o f the earth-station an tenna are 
used to  determ ine A d  using the equation:

A d  =  5.88 x 10-5  (drmax -  40)2 cot es km (27)

A lternatively, A d  may be determ ined from  Fig. 18.
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The distance A d  is m easured on a m ap o f  appropria te  scale from  the earth-station location along the 
azim uth o f the m ain beam  o f the earth-station an tenna; a circle o f radius drmax, is draw n around the point so 
reached. The circle is the rain-scatter co-ordination  contour.

W hen an  earth  station is in tended to  operate with various space stations at different orbit locations but on 
the sam e frequencies, the co-ordination  contour for the earth  staion is the envelope o f all co-ordination contours 
individually  determ ined for each satellite location.

The rain-scatter co-ordination  distance, to  be labelled d2, is the distance from  the earth-station site to the 
rain-scatter co-ordination  contour on the azim uth under consideration.

Rain scatter distance drmax (km)

FIGURE 18 -  The distance A d as a function o f the rain -scatter distance 
d2 and the earth station antenna main beam elevation angle es

4.5 Absence o f  m ixed path effects

As the only significant rain  scatter is tha t occurring in the general area o f the earth station, the question o f 
a mixed path  does not arise. The rain-clim atic zone relevant to the earth station is applied, together with the 
app rop ria te  m axim um  rain-scatter distance from  Table V.

5. Minimum value of co-ordination distance

I f  the m ethod for determ ining dx, the co-ordination  distance for p ropagation  m ode (1), leads to a result 
less than  100 km, dx shall be taken equal to 100 km. Similarly, if  the m ethod for determ ining the rain-scatter 
d istance d rmax, leads to a result less than 100 km , drmax shall be taken equal to  100 km.
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6. The co-ordination distance

On any azim uth, the greater o f the co-ordination  distances dx o r d2 is the co-ord ination  d istance to be used 
for the co-ordination  procedure.

An exam ple o f a co-ord ination  contour is shown in Fig. 19.

FIGURE 19 -  Example o f a coordination contour

ES : Earth station
------------------- : Coordination contour
------------------- : Contour for propagation mode (1)
------------------- : Contour for propagation mode (2)
------------------- : Auxiliary contours for propagation mode (1)

Note. -  If by using the auxiliary contours it is seen that a terrestrial 
station can be eliminated with respect to propagation mode (1) th en :
-  if that terrestrial station is outside the contour for propagation 

mode (2) it may be eliminated from any further consideration;
-  if that terrestrial station is within the contour for propagation mode 

(2) it must still be considered, but for this mode only.

7. Calculation by computer

The process described above for determ ining co-ordination  areas and  auxiliary contours may be 
program m ed for com puter. By m eans o f such a program , the contours could be draw n autom atically  on a map.

8. Operational considerations at frequencies above 10 GHz

At frequencies above 10 G H z rain attenuation will weaken the received signals at earth  or space stations 
for small percentages o f the time, increasingly so with increasing frequencies.
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W here pow er m argins in the up or dow n links do not suffice to m aintain  the required continuity  o f
service, it may be necessary to use site diversity or pow er control, or both.

W hen pow er control is used in the up link to com bat rain attenuation  on the Earth-to-space path, the 
increased pow er will tend to produce greater po tential interference to terrestrial systems tow ards which the 
attenuation  may not have increased. It may therefore be necessary to determ ine co-ordination  contours taking into 
account the m axim um  powers that may be radia ted  and the percentages o f the tim e during which given levels o f 
pow er control m ay have to be exercised. It is understood  tha t the m axim um  pow er which may be em itted by a 
transm itting  earth  station should be used to determ ine the co-ordination  area. However, the transm it pow er will be 
increased only when rain attenuation  exceeds a specified value. Thus, the increased pow er will not contribute to
the interference due to ducting which is a clear sky phenom enon. Therefore, the m axim um  available transm itting
pow er used to determ ine the co-ordination  area for p ropagation  m ode ( 1) should be different from  that for 
p ropagation  m ode (2). In fact, for propagation  m ode (1), it seems appropriate  to use the m axim um  transm itting 
pow er em itted under clear sky conditions as the m axim um  available transm itting  power.

W hen site diversity is used to  com bat attenuation , co-ordination  contours will have to be determ ined for 
both sites. Since precip itation  is the m echanism  largely responsible for attenuation , each o f the two sites will be 
operated , generally, only up  to a given attenuation , i.e., to a given rainfall rate, after which the operation is 
transferred  to the other site. As a consequence, rain-scatter co-ordination  distances need to be determ ined only for 
those rain  rates at which switching to the other site is undertaken. Since the switching rain rates will be 
substantially  lower than the m axim um  rain rates for the percentage o f the tim e for which continuity o f service 
m ust be m aintained, the rain-scatter co-ordination  areas for the two sites may be significantly smaller than that for 
a single non-diversity site. It is w orth noting that this advantage m ay accrue to both a transm itting and a receiving 
earth  station.

9. Mobile (except aeronautical mobile) earth stations

For the purpose o f establishing w hether co-ord ination  for a m obile (except an aeronautical mobile) earth 
station is required, it is necessary to determ ine the co-ord ination  area which w ould encom pass all co-ordination 
areas determ ined for each location w ithin the service area w ithin which operation  o f the m obile earth stations is 
proposed.

The preceding m ethod may be used for this purpose by determ ining the appropriate  individual co­
o rd ination  contours for a sufficiently large num ber o f locations w ithin and  on the periphery o f the proposed 
service area and by determ ining from  those a com posite co-ordination  area which contains all possible individual 
coord ination  areas. For further in form ation  see [CCIR, 1978-1982b].

10. Revision of propagation data

The m aterial contained in § 3, 4 and 6 , and in Annex II o f this R eport is based, directly or indirectly, on 
propagation  data  com piled, in terpreted  and docum ented in other C C IR  R ecom m endations and Reports. This 
m aterial is given in a form  sim ilar to A ppendix 28 to the R adio Regulations for a subsequent revision in 
conform ity  with Resolution No. 60 o f the W ARC-79. K now ledge regarding propagation  is subject to change as 
new and  m ore reliable data becom e available, and  such change may require or strongly suggest corresponding 
am endm ents to the propagation-re lated  m aterial in this R eport based on the finding o f Study G roup 5.

REFERENCES

CCIR Documents

[1978-82]: a. 4/7 (9/5) (China (People’s Republic of)); b. 4/286 (IWP 4/1).



Rep. 382-4 105

r

L

L .

J
FIGURE 20 -  Flow diagram for the determination o f dn

*From equation (20).
** From equation (20a).
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A N N E X  I

A N T E N N A  G A IN  IN  T H E  D IR E C T IO N  O F T H E  E A R T H -ST A T IO N  H O R IZ O N  

FO R  G E O S T A T IO N A R Y  SA TE LLITE S

1. General

The gain com ponent o f the earth-station  an tenna in the direction o f the physical horizon around  an earth 
station  is a function o f the angular separation  (p between the an tenna m ain beam  axis and  the horizon direction 
under consideration. Therefore, know ledge o f  the angle (p is required for each azim uth.

The elevation es and azim uth a 5 o f geostationary satellites as seen from  an earth station at a latitude C, 
are uniquely  related. F igure 21 shows the possible location arcs o f geostationary satellites in a rectangular 
e leva tion /azim uth  plot, each arc corresponding to an  earth-station latitude.

The plane representation  o f the spherical es/ a s co-ordinate system leads to errors in the determ ination o f 
larger values o f (p. However, since an tenna .patterns at large angles o f (p are not yet very sensitive to a variation in 
the angle cp, the errors do not appear to any significant degree in the horizon an tenna gain.

The graphical m ethod described here assum es tha t the space stations can be located anywhere along an 
orbital arc. However, for the purpose o f co-ord ination  a given orbital position should be used; hence, in Fig. 22 
this position  should appear as a point, from  which the off-beam  angle cp(a) should be determ ined.

Specific relative satellite longitudes' may no t be know n beforehand, bu t even when they are, the possibility 
o f the addition  o f  a new satellite o r the repositioning o f an existing one suggests tha t all or a portion  o f the 
applicab le arc be considered to hold satellites.

2. Graphical method for the determination of <p(a)

W ith the correct arc  or Segment o f  arc chosen and  suitably m arked in Fig. 21, the horizon profile e(a) is 
added to  the p lo t o f Fig. 21, as shown in Fig. 22, where an exam ple is given for an earth station located at 45° N 
la titude fo r a satellite expected to  be located som ew here between relative longitudes o f 10° E and 45° W.

F or each po in t on the local horizon e(a) the sm allest distance to the arc is determ ined and m easured on 
the elevation scale. The exam ple o f  Fig. 22 shows the determ ination o f the off-beam  angle cp at an azim uth 
a ( =  210°) with a horizontal elevation e (=  4°). The m easurem ent o f cp yields a value o f 26°.

W hen this is done for all azim uths (in suitable increm ents, e.g. 5°), a relationship cp(a) results.

3. Numerical method for the determination of cp(a)

For this purpose the follow ing equations may be used:

V =  arc cos (cos C, • cos 8) (28)

a ' , =  arc cos (tan  C, • cot \p) (29)

a , =  a 's + 180° for earth  stations located in the northern  hem isphere and  satellites located west o f  the
earth  station. (30a)

a , =  180° — a 's for earth stations located in the northern  hem isphere and  satellites located east o f the
earth  station. (30b)

a , =  360° — a 's for earth  stations located in the southern hem isphere and satellites located west o f the
earth  station. (30c)

a* =  a 's for earth stations located in the southern hem isphere and  satellites located east o f the
earth station. (30d)
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FIGURE 21 -  Position arcs o f geostationary satellites

------------------  arc of geostationary-satellite orbit visible from earth station at terrestrial latitude (

Difference in longitude between earth station and the sub-satellite point:

____________satellite longitude E of earth-station longitude
____________ satellite longitude W of earth-station longitude

__________ _ satellite longitude equal to the earth-station longitude
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FIGURE 22 -  Example o f derivation o f <p

____________ arc of geostationary-satellite orbit visible from earth station at terrestrial latitude (

A /W V W W  horizon profile e(a)
Difference in longitude between earth station and the sub-satellite point:
------------------ satellite longitude E of earth-station longitude

------------------  satellite longitude W of earth-station longitude

------------------  satellite longitude equal to the earth-station longitude
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where:

( K  -  cos v|A
es =  arc tan  ----- ;— ------ — vj/ (31)

\  sin v|/ /

(p(a) =  arc cos [cos e • cos es • cos (a  — a j  +  sin e • sin e j  (32)

C, : latitude o f the earth  station,
5 : difference in longitude between the satellite and the earth  station,
i\i : great circle arc between the earth  station and  the sub-satellite point,

: satellite azim uth as seen from  the earth  station,
e s : satellite elevation angle as seen from  the earth  station,

a  : azim uth o f the pertinen t direction,
e : elevation angle o f the horizon in the pertinent azim uth, a ,

cp(a) : angle between the m ain beam  axis and the horizon direction corresponding  to the pertinen t 
azim uth, a ,

K : orbit rad iu s/ea rth  radius, assum ed to be 6.62.

All arcs m entioned above are in degrees.

4. Determination of antenna gain

The relationship cp(a) may be used to derive a function for the horizon an tenna  gain, G(dB) as a function  
o f the azim uth a , by using the actual earth-station  an tenna pattern , or a form ula giving a good approxim ation . 
For exam ple, in cases where the ratio  between the an tenna diam eter and  the w avelength is no t less than  100, the 
follow ing equation should be used:

2

G (cp) =  Gmax — 2.5 x 10 3 ( — cp ) for 0 < cp < cp
X

G (cp) =  Gl " for cpm ^ cp < cpr
G (cp) =  32 — 25 log cp for |cpr ^ cp < 48
G (cp) =  — 10 for 48° ^  cp ^  180°

(33)

expressed in the same unit

where:
D : an tenna diam eter 

X : wavelength

G, : gain of the first side lobe =  2 + 1 5  log D /X

2QX r—------------
9m =  I T  ^  max ~  1 (degrees)

cp, =  15.85 ( D /X )~ °6 (degrees)

W hen it is not possible for an tennas with D /X  o f less than 100 to use the above reference an tenna pattern  
and  when neither m easured data nor a relevant C C IR  R ecom m endation accepted by the adm inistra tions 
concerned can be used instead, adm inistrations m ay use the reference diagram  as described below:

G (cp) =  Gmax -  2.5 x 10“ 3 cp J for 0 <  cp <  cpm

where:

G (cp) = Gx for cpm ^  cp < 100-^

D X
G (cp) =  52 — 10 log - —  25 log cp for 100 — cp <  48

A, D
D

G (cp) = 1 0 - 1 0  log -  for 48 ^ cp ^ 180
X

D : an tenna diam eter I
expressed in the same unit

X : wavelength j
Gt : gain of the first side lobe =  2 + 1 5  log D /X

(34)



20X ,--------------
<Pm =  ~D ^ Gmax ~  Gl (degrees)

be m odified as appropriate  to achieve a better representation of the actual 

given, it may be estim ated from  the expression:

20 log £  «  -  7.7

where:

Gmax: the main lobe an tenna gain in dB.
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A N N E X  II

G R A P H IC A L  M E T H O D  FOR T H E  D E T E R M IN A T IO N  

O F C O -O R D IN A T IO N  D IS T A N C E  FOR M IX E D  PATH S

1. Two zones

The procedure to be followed in the case o f a mixed path involving two zones is illustrated by the exam ple 
shown in Fig. 23(a). The earth station is situated in Zone A at a distance o f 75 km from Zone B. The graphical 
presentation  described below is particularly  useful where m ore than one boundary  between zones may be 
involved, as in this example.

In the exam ple given below, the co-ordination  loss is assum ed to be 180 dB, the frequency 20 GHz, and 
the percentage o f tim e 0.01%. The procedure is as follows:

1.1 determ ine the distance entirely in Zone A that would give the co-ordination  loss. M ark this distance (in 
this case it is 160 km) from  the origin along the abscissa axis o f linear graph paper as indicated by the point A 
(Fig. 23(b));

1.2 determ ine the distance entirely in Zone B that would give the same co-ordination  loss. M ark this distance 
(in this case it is 530 km) from  the origin along the ordinate axis o f the chart as indicated by the point B;

1.3 draw  a straight line between points A and B representing these distances from the origin;

1.4 starting from  the origin, the distance o f 75 km from  the earth  station to Zone B is set off along the
abscissa axis o f the chart as indicated by the po in t A, ;

1.5 starting from  poin t A, the Zone B path  length of 150 km is then set o ff parallel to the ordinate axis o f the
chart as indicated by the po in t B, ;

1.6 the further distance in the next Zone A region is then m easured parallel to the abscissa axis from the
po in t B, to the po in t o f  intersection o f the mixed path curve as indicated by X. In Fig. 23(b), this distance is 
40 km ;

1.7 the co-ordination  distance is the sum of the distances 0 A ,, A, B, and B, X and  is equal to

75 +  150 +  40 =  265 km

2. Three zones

In some special cases, the mixed path  involves all three radio-clim atic Zones A, B and C. A solution to 
this problem  can be found in adding a third dim ension to the procedure to be followed for mixed paths involving 
only two zones. Theoretically, it m eans that the third co-ordinate has to be determ ined for a point having 
co-ordinates corresponding to the know n distances in the first two zones and lying in a plane defined by three 
points on the axes X, Y and Z, corresponding to distances in Zones A, B and  C, respectively, that would give the 
required basic transm ission loss.

In practice, the procedure can be reduced to a simple graphical m ethod shown in Fig. 24(a) assum ing for 
exam ple a co-ordination  loss (L t ) o f 180 dB at a frequency o f 20 GHz. It is required to find the co-ordination  
distance from  the earth  station in the direction given in Fig. 24(a). Here an earth  station is situated in Zone A at a 
distance o f 75 km (0 A ,) in a given azim uthal direction from  Zone B. In the sam e azim uthal direction Zone B is 
150 km (A, B ,) long and followed by an unknow n portion  in Zone C (Fig. 24(a)).

The above patterns may 
an tenna pattern.

In cases where D /X  is not
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FIGURE 23 -  Example o f determination o f coordination distance 
for mixed paths involving Zones A and B

In this case, the procedure to  be applied  should be as follows (Fig. 24(b)):

2.1 repeat the same procedure as for m ixed paths involving only two zones, given in steps 1.1 to 1.5 above,
and continue as follows:

2.2 from  the point B, draw  a line parallel to the line AB to intersect the abscissa axis as indicated by the
poin t D ;
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2.3 determ ine the distance entirely in Zone C that would give the co-ordination  loss. M ark this distance (in 
this case it is 350 km) from  the origin along the ordinate axis o f the chart as indicated by the point C. Draw  a 
straight line between the points C and A;

2.4

2.5

2.6 
to

at the po in t D draw  a line parallel to the ord inate axis to  intersect the line CA as indicated by X;

the distance between the points D and X, which is the unknow n distance in Zone C, is found to be 85 km ;

the co-ordination  distance is then the sum of the distances 0 A ,, A, B, and DX and in this exam ple is equal

75 +  150 +  85 =  310 km

Z oneB  J  ZoneC

Bi= d /

150 km j  85 km
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FIGURE 24 -  Example o f determination o f coordination 
for mixed paths including Zones A, B and C
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R EPO R T  388-4

M ETH O DS FOR DETERMINING INTERFERENCE IN TERRESTRIAL 
RADIO-RELAY SYSTEM S AND SYSTEM S IN THE FIXED-SATELLITE SERVICE

(Questions 2 /4  and 23/9 , Study Program m es 2 A /4 , 2 J /4  and  23A /9)

(1966-1970-1974-1978-1982)

1. Introduction

The purpose o f this R eport is to determ ine interference in terrestrial radio-relay  systems and  systems in the 
fixed-satellite services as a function o f the carrier-to-interference ratio , taking in to  account the m odulation  used 
for the transm ission.

On the assum ption that the interference can be expressed in term s o f the spectrum  o f the interfering signal, 
general form ulations o f interference are provided, depending only on the m odulation  o f the w anted signal, the 
spectrum  of the in terfering signal being used as a param eter. S im plified form ulae or graphs are also show n in 
m ost cases.

Spectra o f signals are provided to allow determ ination  o f interference from  the general form ulation . This 
can be done for any com bination  o f w anted and in terfering signals corresponding  to the follow ing types o f 
m odulation  and transm ission (including angular and am plitude m odulations):

— FD M -FM  telephony,
— single-channel-per-carrier FM telephony,
— digital PSK transm issions,
— FM television,
— AM telephony.

In the case o f analogue telephony transm ission (FM  or AM telephony), the interference is expressed in 
term s o f noise (in pW). In the case o f digital PSK transm ission, it is expressed in term s o f b it erro r ratio  (BER). 
In the case o f FM television, the expressions given m ake it possible to estim ate the perm issible value o f 
carrier-to-interference ratio.

Precautionary notes are included with respect to interference effects which are not predictable by 
determ ination  based on spectra and  with respect to non-linear channel effects.

Finally a large num ber o f references are given to literature which deals with the com plex subject o f 
interference in greater depth and  upon  which the text o f this R eport was based.

2. Interference formulations

2.1 Analogue FD M -FM  telephony wanted signal

2.1.1 General form ulation

The relationship  (this linear relationship  is only valid for the lower levels o f interference into 
FDM -FM  telephony signals) between baseband interference pow er in a telephone channel and  the 
carrier-to-interference ratio involves the interference reduction faction B  (in dB), defined as follows:

B  =  10 log (1)

where:

5  : test signal pow er in a telephone channel =  1 mW,

N j : unw eighted interference pow er in a telephone channel (bandw idth: 3.1 kHz),

C : pow er o f the w anted signal carrier (W),

/ :  pow er o f the interfering signal carrier (W).

The weighted interference pow er N  (in pW ) is obtained as unw eighted pow er in 1.75 kHz, which
gives:

10 log Np =  87.5 -  B  -  10 log ( C / I ) (2)
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The interference reduction factor B  is expressed as [M edhurst, 1962; Pontano et al ., 1973]:

B =  lQ lo g f { ) 2 p ( ^ ) ,3)
b f 2 D ( f , f 0)

with:

-|- oo + °°

»«/„) =  J S ( F )  / > ( / + / „ _  F )  d F  +  J S ( F )  / > , ( / - / „ - F )  d F  +  S  ( /  +  / „ )  P m +

S q Pin
+  S ( / - / „ )  P,0 +  S g F , ( /  +  / „ )  +  S 0 p, ( f - f 0) +  - X - E  6 ( / - / „ )  (4)

P A f ) - P ( f )  4 2( / )  (5)

*>.o =  P o ^ 2 (0) (6)

§ ( / -  / o )  =  1 when /  =  f 0

S (/ — fo) = 0 when /  #  / 0
(6a)

where .
5 / :  r.m.s. test tone deviation (w ithout pre-em phasis) o f the wanted signal (kHz);
f : centre-frequency o f channel concerned, w ithin the w anted signal baseband (kHz);

f m : upper frequency o f the wanted signal baseband (kHz);
p { f / f m) : pre-em phasis factor for centre-frequency o f channel concerned, w ithin the wanted carrier

baseband;

b : bandw idth  o f telephone channel (3.1 kHz);
f Q : separation  between carriers o f the w anted and interfering signals (kHz);

S ( f )  : continuous part o f the norm alized pow er spectral density o f the w anted signal (H z-1);
So : norm alized vestigial carrier pow er o f the wanted signal;

P ( f )  : continuous part o f the norm alized pow er spectral density of the interfering signal (H z-1);
PQ : norm alized vestigial carrier pow er o f the interfering signal;
A ( f ) :  am plitude-frequency response o f the w anted signal receiving filter, the origin o f the frequencies

being the centre frequency o f the interfering signal carrier.
The pow er spectral densities are norm alized to unity  and are assum ed to be one-sided (only 

positive frequencies).
The expression o f Np in term s o f the ratio C / I  is derived from  expressions (2) and (3). In order to 

determ ine Np, it is necessary to determ ine:
— the w anted signal spectrum  (analogue telephony),

— the interfering signal spectrum.

The expressions of these spectra are given in § 3 below.

2.1.2 Interference between FDM -FM  signals

2.1.2.1 General form ulation

See § 2.1.1, using expressions o f spectra given in § 3.1 below.

2.1.2.2 Interference from  a low-modulation-index F D M /F M  signal to a high-modulation-index FD M -FM  
signal

This case represents a terrestrial radio-relay system interfering into a system of the fixed-satellite 
service. The baseband channel which receives the m ost interference is not easily identified. However, the 
worst interference condition results when the w anted-to-unw anted carrier frequency separation  is equal to, 
o r less, than the top  baseband frequency o f the w anted signal.
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The factor B can be derived from  [M edhurst and  Roberts, 1964; Johns, 1966a and  b] by evaluating 
the convolution integral between the spectra o f the two signals concerned. The following, sim plified, 
form ula results:

5 =  10 log
ex p

2 | / 2 i ( 8 / )  p ( f / f m ) f s

- ( / o - / ) 2
2 f :

+  exp ( / o  +  / ) 2
2 f } )

(7)

The definitions o f the param eters given in this form ula have been given in § 2.1.1, with the 
exception o f f ,  which represents the r.m.s. m ultichannel deviation o f the w anted signal (kHz).

M easurem ents indicate good agreem ent with calculated values o f the factor B  [C C IR , 1966-69].

2.1.2.3 Interference fro m  a high-modulation-index FDM -FM  signal to a high-modulation index FD M -FM  
signal

This case typically represents both interfering signals o f systems in the fixed-satellite service. 
However, there are possible applications o f high-index m odulation  in terrestrial radio-relay systems 
especially above 10 G H z where high-index FD M -FM  m odulation  provides signal-to-noise advantages and  
resistance to interference.

The same com m ents as in § 2.1.2.2 apply concerning the baseband  channel with the m ost 
interference and the w orst frequency separation. M oreover, the factor B  is identical to th a t given in 
form ula (7) o f § 2.1.2.2 with substitution o f Fs for f .

Fs is defined as follows:

F s  =

where f  j and f 2 are the r.m.s. m ultichannel frequency deviations o f the w anted and  in terfering 
signals (kHz).

2.1.2.4 Interference between FD M -FM  signals with intermediate m odulation indices

To calculate the interference between specific signals w ith low m odula tion  indices at a given carrier 
frequency separation , the first step is to calculate the convolution  o f the spectra o f these signals using 
form ula (4) and  then to apply form ulae (3) and  (2) to determ ine the interference in the telephone channels.

Section 3 contains graphs o f norm alized FD M -FM  signal spectra for typical radio-relay and  
com m unication-satellite systems. These graphs may be used to calculate the convolution.

Figure 1 contains a num ber o f curves o f norm alized spectra as a function  o f the m odulation  index 
for given norm alized frequency values. These curves may readily be used to  p lo t the spectrum  graph  for 
any m odulation  index from  0.1 to 3. W hen m > 3, the signal spectrum  shape is near G aussian. I f  the 
m odulation  indices o f the w anted and interfering signals are greater than  3, form ula (7) should be applied  
to calculate interference, taking into account § 2.1.2.3.

In certain special cases, where the interfering signal m ay be characterized by its r.m.s. m odulation  
index, and  the upper baseband frequency is equal to the w anted signal (i.e. f m{ =  f m2) there is the 
possibility o f calculating the interference function, D ( f ,  f 0), very sim ply from  the norm alized curves o f 
Fig. 1.

The equivalent m odulation index is determ ined by:

m  =  [m] +  m 2f 2

and for this value o f m  on the curves in Fig. 1 we find the values f mS ( f ) and  f mS ( f 2), 

where:

,  (fo + b) A r ( f o ~ b )  A e
f Y =  —  ------- and f 2 = —  ------ , and  further

Jm 1 J m 1

D (/, f 0) = - j -  Cf J S  C/i) +  f mS ( / 2)]
Jm 1
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The same m ethod may be used for the approxim ate determ ination o f D { f  f 0) according to the 
value o f the “equivalent” m odulation  index:

2 , 21 fm2m i + m22 [ - -
f  m  1

when fm2 <  /ml and  m
2 I fm 2 

fml
«  m j

The symbols used are defined as follows: 

f 0 : carrier frequency separation;

fm \ ■> fmi '■ frequency o f the top  baseband channel o f the desired and  interfering signals respectively;

m ,, m 2 ■ r.m.s. m odulation  indices o f desired and  interfering signal respectively.

Modulation index, m 

FIGURE 1 -  Normalized spectral density o f FDM-FM signals

2.1.2.5 Interference from  a high-modulation-index FD M -FM  signal to a low-modulation-index FDM -FM  
signal

This case is typically that o f a system in the fixed-satellite service causing interference in a 
terrestrial radio-relay system. Low-index angle m odulation  can be regarded as quasi-linear with respect to 
som e types o f interfering signal; the calculation o f interference in these cases is perform ed by a sim ple 
procedure analogous to that em ployed for linear DSBAM .
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Interference power in 
telephone channel

Thermal noise power in 
telephone channel

Interfering signal pow er in tw o appropriate 
4 kHz bands at the receiver input

Thermal noise pow er in same tw o 4  kHz 
bands at the receiver input

2.1.3 Interference from  angle-m odulated digital signals into FD M -FM  signals

Digital systems using PSK or FSK m odulation are classes o f angle-m odulated systems. 
Consequently, the interference from  these systems into analogue, angle-m odulated  systems is com puted by 
the convolution integral. However, the spectral densities o f digital, angle-m odulated  signals cannot be 
easily generalized; a specific spectrum  is, however, provided in § 3.3. M ore generalized com putation  w ould 
involve the calculation o f the digital spectral density (see § 3.3) the calculation  o f the analogue spectral 
density [Ferris, 1968], the convolution o f the two densities [Prabhu and  Enloe, 1969], and the com putation  
o f the factor B.

W hen a h igh-m odulation-index FD M -FM  carrier receives interference from  angle-m odulated digital 
signals that occupy a bandw idth small com pared with that o f the w anted signal, factor B  is given roughly 
by the form ula (7).

[CCIR, 1970-74a] gives calculated values o f factor B  for in terference to FD M -FM  signals from  
digital PM signals.

2.1.4 Interference from  A M  signals into FD M -FM  signals

The quasi-linear properties o f low -m odulation-index angle-m odulated  signals with respect to 
interfering signals whose spectral densities do not exhibit excessive varia tions within the receiver passband, 
perm it the use for such cases o f the following approxim ate form ula:

Interference power in 
telephone channel

Thermal noise power in 
telephone channel

Interfering signal pow er in tw o appropriate 
4 kHz bands at the receiver input

Thermal noise power in same tw o 4 kHz 
bands at the receiver input

Two 4 kHz bands are used in the form ula since there m ay be asym m etry o f the in terfering 
spectrum  with respect to the w anted carrier. W hen a h igh-m odulation-index angle-m odulated  system 
receives interference from  am plitude-m odulated  digital signals that occupy a bandw idth  small com pared 
with that o f the w anted signal, factor B  is given roughly by the form ula o f § 2.1.2.2.

C alculated values o f factor B  for interference to FD M -FM  signals from  digital AM signals are 
available [CCIR, 1970-74a].

2.1.5 Interference from  a narrowband system into an FD M -FM  system

The theoretical expression o f § 2.1.1 [Pontano et al., 1973] can be applied  to the case o f an 
interfering signal o f arb itrary  m odulation , but with bandw ith  small com pared with tha t o f the interfered- 
with signal. Interference from  SCPC to FD M -FM  signals is an exam ple o f such a situation. Results are 
given in [CCIR, 1978-82a and P rasanna et al., 1977] for several SCPC systems having a wide range o f 
characteristics.
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2.1.6 Interference from  F M -T V  signals into FDM-FM,  signals

W hen (1) the FM-TV signal m odulated only by the dispersal waveform is the interfering signal, (2) 
the FD M -FM  w anted signal with a low num ber o f telephone channels has a spectrum  with a width 
com m ensurate with that o f the interfering signal spectrum , and (3) the carrier frequencies coincide, then 
form ula (4) takes the form :

[/  +  A / / 2  / - A / / 2

J S { F ) A F -  j  S ( F ) d F

/ - A / / 2  /  +  A / / 2

4 / 7 2 + /

=  2P  j  S (F) d F,
-  A / / 2  +  /

where:

A/ :  frequency deviation o f dispersal w aveform (peak-to-peak),

P = 1 / A /  spectral pow er density o f interfering signal (see Fig. 8, / =  1).

In the conditions described above, and with reference to form ula (3), we may consider that:

A / / 2  + /

J S (F) dF  «  1 when /  <  f ml so that
-A //2+/

„ inl (5/)2 A / p ( / / / J  
B = °  ° g  -------

2.2 Single-channel-per-carrier FM  telephony wanted signal

Further studies are required on this item.

2.3 Digital P SK  wanted signal

Several techniques have been used to calculate the error perform ance o f systems using phase-shift keyed 
m odulation  with coherent detection (CPSK) and with differential detection (D PSK ) when corrupted by various 
types o f interference and G aussian noise. One m ethod often used is to represent the interference by additive 
G aussian noise o f equal power. W here interference is entirely contained within the passband o f the w anted 
system, it can be represented by a sum of random ly-phased sinusoids. Here, exact analytical results can be 
ob tained for the error probability  o f CPSK and D PSK  when subjected to m ultiple co-channel interferences and 
G aussian noise [Rosenbaum , 1969 and 1970].

In m any practical situations where an exact statistical d istribution o f the various interferences is not 
available, a useful technique is to com pute an upper bound on the probability  o f error [Rosenbaum  and 
G lave, 1974], This m ethod requires knowledge only o f the carrier-to-noise ratio at the dem odulator input ( C / N ) ,  
the peak-to-r.m .s. ratio o f the interference and the ratio o f the powers o f the w anted signal and interference (C /7 ) .  
It should be noted that the results apply to a theoretical system and take no account o f practical system restraints; 
they may be substantially m odified by the presence o f jitter and  other degradations encountered in practical 
systems.

O ther studies which are in progress will provide results for various cases o f practical interest, including the 
effect o f frequency separation between the w anted and unw anted carriers [Davies, 1972],

2.3.1 General information

The effect o f the interference is considered in term s of the increase in error ratio over the rate 
obtained w ithout interference. If the perm issible bit error ratios with and w ithout interference are 
designated as (B ER )a and (BER)0 respectively.

— C PSK  signals

The bit error ratio w ithout interference (BER)0 is given in term s o f the ratio o f the energy per bit to 
the noise density ( E / N 0) by the following form ula:

where,

(B E R )0 =  i  erfc ( ] / | j

+ oo

(8)
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The value o f E / N 0 for a specific (B ER 0) may be deduced from  equations (8) and (9). The B ER a 
value o f the bit error ratio obtained with interference is deduced from the E / N 0 value by the expression 
[Rosenbaum , 1969]:

(BER)a =
2 n

erfc d cp (10)

where (3 has a value o f 1 if the m odulation o f the w anted signal is tw o-condition and a value o f 1 /2  if the 
m odulation  o f the w anted signal is four-condition. The factor a  is the pow er fraction o f the interfering 
signal by the w anted signal receiving filter. If  A ( f ) is the am plitude-frequency response of this filter, a  is 
obtained from the expression:

- j -  OO

a  =  f  A  ( f ) \ P  ( / )  +  P q 8] i f  (11)

where P ( f )  and P0 have the sam e m eanings as in 2.1.1 (norm alized spectral pow er densities o f interfering 
signal); these can be found in § 3.

Form ula (10) assumes that interference is angle-m odulated. In the case o f an am plitude-m odulated  
interfering signal (suppressed carrier), form ula (8) should be used, where A0 is the sum of interference and 
therm al noise pow er densities.

— D PSK  signals

Further studies are required.

2.3.2 Interference to digital signals transmitted by CPSK

Curves are presented in Figs. 2 to 5 o f com binations o f C / N  and  C /7  ratios that give rise to 
upper-bound  bit-error probabilities o f 10~3, 10-5 , 10-7 and 10-9 , respectively. These curves apply  to cases 
o f single or m ultiple interferences. The param etric curves are presented as a function o f the interference 
peak factor,

PF  =  20 log —

where:

R : peak value o f the interference envelope,

x,.: root m ean square value o f the interference envelope.

An unfiltered angle-m odulated signal has a value of:

PF  =  0

under this definition.

The upper bound  on Pe (symbol error probability) for M -ary C PSK  can be ob ta ined  from  the 
binary CPSK  bound as follows:

Pe (A7-ary) at [C /A ] , =  2 7  ̂(binary) at

( [C /A ], 4- 10 log [sin2 (jt/M )])

where:

C /7(A /-ary) =  C //(b in a ry )  — 10 log [sin2 ( n / M  )].

Results identical with those given in [Rosenbaum , 1969] for a single angle-m odulated signal (FM , 
PM, CPSK , or DPSK ) interfering with binary  CPSK  can be ob tained directly from  the PF  =  0 curves of 
Figs. 2 to 5. The corresponding results for interference to te rnary  and quarternary  C PSK  can be obtained 
indirectly from  the same curves through the use o f the foregoing form ulae.
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FIG U R E 2 -  CII v. CIN fo r I 0 ~3 BER

A : CIN in absence o f interference 
B : Interference with characteristics o f thermal noise
P F : The interference peak factor

Note. -  The curves are theoretical and take no account of practical system restraints.
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8 10 12 14 16 18 20 22
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FIG U R E  3 -  CII v. CIN fo r  10~s B E R

A : CIN in absence o f  interference 
B : Interference with characteristics o f  thermal noise
P F : The interference peak factor

Note. -  The curves are theoretical and take no account of practical system restraints.
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8 10 12 14 16 18 20 22
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FIG U R E  4 -  CII v. CIN fo r 1 0 ~7 BER

A : CIN in absence o f  interference 
B : Interference with characteristics o f thermal noise
P F : The interference peak factor

Note. -  The curves are theoretical and take no account of practical system restraints.
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8 10 12 14 16 18 20 22

CIN (dB )

FIG U R E  5 -  CII v. CIN fo r 10~9 BE R

A : CIN in absence o f interference 
B : Interference with characteristics o f thermal noise
P F : The interference peak factor

Note. -  The curves are theoretical and take no account of practical system restraints.
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The following general conclusions can be draw n by inspection o f the Figures:

— when the interfering signal power is equal to, o r larger than , the therm al noise pow er, the effect o f
angle-m odulation interference is considerably less than that o f an equal am ount o f white G aussian
noise power;

— when the interfering signal power is small com pared to the therm al noise pow er, the effect on error
rate can be estim ated safely by assum ing that the interfering signal is equivalent to G aussian  noise of 
equal power;

— at a given carrier-to-interference ratio, the vulnerability to interference increases substantially  as the
num ber o f transm itted  phases, M, increases.

2.3.3 Interference to D SP K  signals from  angle-m odulated signals

Curves o f symbol error ratio against C / N  ratio , with C / I  ratio as a param eter, for differentially- 
coherent signals with 2, 4, 8 and 16 transm itted  phases, are shown in Fig. 6. The error p robability  for 
differential detection is seen to be dependent on an additional param eter, 9, which is the relative phase 
slip o f the interference from  one sam ple to the next. However, the 0 dependency dim inishes as the num ber 
o f transm itted phases increases. As a result, 0 is assum ed as a uniform ly d istributed random  variable for 
systems with higher than four transm itted  phases. Hence, average error probabilities have been derived for 
M  =  8, 16; and  probability  bounds have been derived for the binary  and quaternary  cases.

The curves for D PSK  imply the same conclusions as to the C PSK  curves regarding the relative 
interference effects o f white noise and angle-m odulated signals, and  the dependence o f these effects on M. 
In addition, it can be seen that, in general, differential detection suffers m ore degradation  than  coherent 
detection, except that b inary  D PSK perform s about as well as b inary  CPSK . Interference degradation  is 
used as a basis for com parison because any disparities in the noise only perform ance are reconciled.

2.4 Frequency-modulated television wanted signal

A protection ratio ( R) which can be introduced, represents the carrier-to-interference ratio  corresponding  
to a given im pairm ent. As a result o f tests carried out in France, with the interfering signal being an unm odulated  
carrier, the values o f R given in Fig. 7 are expressed as a function o f the frequency separation  (f0) between the 
w anted and interfering signal carriers. The curve in Fig. 7, com posed o f two straight line segm ents and  two 
half-lines, is an em pirical curve p lotted from  test data  (A F = frequency deviation in the low frequencies o f the 
w anted signal, in MHz).

The subjective interference level chosen was that corresponding to the perceptibility  threshold  w ithout 
therm al noise, for an observer placed in a dimly lit room  at a d istance from the screen equal to six tim es the 
height o f the picture.

The perm issible value ( C / I ) a o f  this ratio is obtained from  the expression.

where P ( / ) ,  P0 and A ( f )  have the same m eaning as in 2; 1.1.

C alculation o f ( C / I ) a can be perform ed once the interfering spectrum  is specified (see § 3).

2.5 Amplitude m odulated telephony wanted signal

2.5.1 General information

Further studies are required on this item.

2.5.2 Interference between am plitude-modulated signals

The K4 factor is defined as the am ount (in dB) by which the signal-to-interference pow er ratio  
exceeds the ratio o f the signal spectral density in the appropria te  4 kHz ban d  at the receiver input to the 
interference density at the same bandw idth.

In consequence o f the property  o f linear m odulation o f translating  in terfering signals directly to 
baseband, the value o f the factor K4 is sim ply 0 dB for SSBSC, and  3 dB for DSBSC.

(12)
—  OO



128 Rep. 388-4

1
Nom inal frequency 
o f  television carrier

FIG U R E  7 -  Protection ratio R (expressed in dB)

Wanted signal: frequency-m odulated TV  carrier 
Interfering signal: pure carrier

A F : frequency deviation in the low frequencies o f  
the wanted signal (frequency-m odulated TV ), 
in MHz.
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FIG U R E  8 -  Frequency-m odulated television signal 

M odels used to represent the central part o f the spectrum  

A : Nom inal frequency.
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2.5.3 Interference to am plitude-modulated signals from  angle-m odulated signals 

The values o f factor K4 are again 0 dB for SSBSC, and 3 dB for DSBSC.

The baseband spectrum  o f the interference will be identical w ith tha t o f  the R F  interfering 
spectrum  in the SSBSC case, and with the sum of the R F  interfering  spectra falling on the upper and  
lower sidebands in the DSBSC case. As a result, angle-m odulated in terference with strong carriers will 
generate tone-interference at baseband. The channel arrangem ent o f AM  systems will generally need to 
take account o f this m ode o f interference.

3. Signal spectra

3.1 Analogue telephony (FDM -FM ) signal

The signal’s norm alized pow er spectral density centred on the carrier frequency is expressed [Boro­
dich, 1976] as:

P ( f )  = e

where:

co m 2n

« ( / ) +  I  - r  S(/)"„S(/) (13)*
n=  1 n\ J

5 ( / )  : D irac delta function,

'■ convolution o f the function S ( f )  n tim es itself.

S ( f )  : norm alized spectral density o f the signal phase:

s </ >= (i 4)

where e is the lower to upper frequency ratio  in the w anted signal baseband.

The C C IR  pre-em phasis characteristics is well approxim ated by the expression:

P ( f / / J  =  0.4 +  1.35 ( F J  +  0.75 ( £ ) “ , when (15)

Here

a =  R s (0) -  R s (oo) =  —  (0.4 +  1.6 s +  0.25 e2 +  0.25 e3) *  —  (0.4 +  1.6 e) (16)
£ 8

where:

R f  x) is the au tocorrelation  function o f S ( f ) .

The norm alized pow er o f the vestigial signal carrier is expressed as e~a.

W hen m > 1:

* A lthough the series o f  form ula (13) converges for all values o f  system  param eters, it d oes not alw ays provide the m ost 
appropriate algorithm  for num erical com putation , particularly in cases where the norm alized  r.m.s. m ultichannel phase  
a n d /o r  frequency deviation  (a  and m respectively) are large.
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w here:
/  : r.m.s. m ultichannel signal frequency deviation.

H U  M  =  ( -  D" ^  H 2„ W  : norm alized H erm i.e po ly n o m ial

Figures 9a to 9e contain  spectral graphs plo tted  according to form ula (13) and (17) for m odulation 
indices m  adopted  in typical radio-relay and  com m unication-satellite systems.

The curves are approxim ate in the region f / f m equal to 0 and 1. The exact values depend upon the 
p articu lar value o f e.

The problem s associated with the practical evaluation o f F.M. spectra are discussed in [M iddleton, 1951; 
Stew art, 1954; M edhurst et al., 1958; M edhurst, 1960; Ferris, 1968; Borodich, 1976; C C IR , 1978-82b].

FIGURE 9a -  Normalized power spectral densities for various modulation indices
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FIGURE 9b -  Normalized power spectral densities for various modulation indices

FIGURE 9c -  Normalized power spectral densities for various modulation indices
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FIGURE 9e -  Normalized power spectral densities for various modulation indices
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3.2 Single channel per carrier FM  telephony

Further studies are required.

3.3 Digital PSK signal

The signal’s norm alized pow er spectral density centred on the carrier frequency is expressed:

(18)

P D

where D is the bit rate (in kb it/s), /  is the frequency (in kHz) and (3 has the values as given in 2.3.2.

Form ula (18) has been derived for rectangular pulse shapes with random  data. M ore generalized fo rm u la­
tion can be found [Postl, 1963; A nderson and Salz, 1965; Jefferis, 1973; D upraz, 1967].

3.4 Frequency-modulated television signal

After exam ining the spectrum , we take as the upper bound o f the norm alized signal spectral pow er density 
centred on the carrier frequency the expression:

where i may assum e three different values (Sup (x, y) designates the greater o f the two functions .x and y.) The 
interference obtained for each one o f these values is exam ined in tu rn , and the highest level o f interference is 
adopted.

The first part o f the expression between square brackets represents the “continuous background” o f the 
spectrum , which is G aussian; A F  having the m eaning given in 2.4 and / b e i n g  the frequency (in MHz). The 

- second part, g ,( / ) ,  represents the “cen tral” part o f the spectrum  essentially linked with the lines corresponding to 
“b lack” and “w hite” . If A f  is the frequency deviation o f the energy dispersal, g , ( / )  has the values given in Fig. 8 
for i =  1,2 and 3. These values correspond respectively to the case o f a uniform  picture (black or white), strongly 
contrasted  (typically, “half-line b a r” test pattern), slightly contrasted (typically, “staircase” test pattern). The effect 
o f the synchronization line and the colour sub-carrier was disregarded in these m odels, since the lines concerned 
are less im portan t in terms o f power than the lines taken into account in these models.

However, the model corresponding to i = 1 can only be used as it stands for A.C. coupled m odulators in 
which case the spectrum  rem ains centred on the nom inal frequency for a black (or white) picture. However, if  a 
D.C. coupled m odulator is used, the nom inal frequency corresponds in all cases to m edium  grey; the func­
tion g , ( / )  must then be centred on a frequency separated by ±  A F /3  from  the nom inal frequency.

3.5 Am plitude m odulated telephony signal

If /„,,, and f max are the lower and upper frequencies o f the baseband  signal, the norm alized spectral pow er 
density is equal to:

(19)

—?— y (DSB -  SC case)
J min'

(SSB -  SC case)

inside the bandw idth of the signal; equal to zero outside.
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4. Non-spectral interference effects — linear channel

Besides the spectral interference effects, consideration m ust be given to effects which are not predictable 
from  pow er spectral densities. Various interference degradations require exam ination of tim e related characteris­
tics. Exam ples o f such degradations are:

— im pulse noise in FD M -FM  com m unications systems can result from adjacent channel FM interference
[W achs, 1970]. In this case an FD M -FM  carrier located in an adjacent frequency band  will occasionally
deviate into the desired carrier’s passband. If the interference to desired carrier power ratio and the time
versus deviation statistics are im proper im pulsive or click noise will result;

— interference to television can result from a burst transm ission carrier such as TDM A. In this case the
envelope o f the interfering carrier may have frequency com ponents to which the video signal is sensitive.
Frequencies near the television line or fram e rate may be expected to provide subjectively disturbing 
degradations;

— interference effects may result from  a large carrier, m odulated only by the energy dispersal waveform, 
sweeping past a small narrow  passband carrier such as single-channel-per-carrier (SCPC). This situation 
produces transient effects related to the interference duty factor and sweep rate.

This list o f exam ples is not com plete bu t is m eant to illustrate several time dependent interference 
m echanism s.

A nother non-spectral effect in relation to interference perform ance is dependent on the dem odulation
technique. D epending on the nature o f the interference, one dem odulation technique may be preferable. As an
exam ple, adjacent channel induced impulsive noise in a w ideband FM system may be reduced by the use o f a 
properly  designed phase locked loop or frequency m odulated feedback dem odulator. [Berman et al., 1972]. In the 
case o f digital reception, different carrier and clock tim ing recovery techniques will have differing sensitivities to 
specific types o f interferences.

5. Non-linear channel effects

5.1 General

M ost satellite transm ission channels in use today have non-linear transm ission properties resulting from 
the transponder and earth station equipm ent em ployed. A non-linear relation exists in the transponder between 
the input and output am plitude (A M /A M ) in addition  to which the phase transfer function is related to input 
am plitude (A M /P M  conversion). These characteristics have im plications for the interference susceptibility o f a 
given com m unications system. W ith both the desired signal and interference present at the input o f the non-linear 
device, a m ultiplicative (non-additive) degradation  is generated. D epending on the m odulation technique 
em ployed, this degradation  will m anifest itself on baseband perform ance.

5.2 Analogue FDM -FM  telephony wanted signal

In dealing with interference to FM analogue signals, two areas should be considered. [Berman et al., 1972]. 
The presence of the desired carrier and an in terfering carrier(s) at the non-linear device input will result in the 
generation  o f in term odulation spectral com ponents. These com ponents may then appear as additional interfering 
carriers. The second area o f consideration is when the input com bination of desired and interfering signals results 
in am plitude m odulation; this m odulation is converted to phase m odulation by the AM -PM  conversion process. 
The phase m odulation is im parted on the desired carrier and when finally dem odulated  at the receiver, results in 
baseband  degradation.

Incom plete suppression o f the am plitude m odulation o f the w anted signal by the lim iter o f the receiver can 
generate baseband interference, or adjacent channel interference on the slope o f the w anted channel’s filter can be 
am plitude m odulated; this AM converted to PM thus appears at baseband. The non-linearity  o f power am plifiers 
and  dem odulators are the usual sources o f this type o f interference [Borodich, 1976].

The non-linear interference can have a severe subjective effect because it can appear as direct cross-talk. 
M oreover, it can degrade the threshold o f the receiver, and this effect is particularly  applicable to satellite signals 
where the level o f the wanted signal is usually near the threshold level, and  adjacent channel interference may 
generate a burst o f threshold noise.

The non-linear interference m echanism s require investigation when the m ore conventional linear m echan­
isms discussed in this R eport appear to produce negligible interference. The calculation o f this interference 
requires inform ation on the specific receivers, filters, and  AM -to-PM  conversion constants [K antor et al., 1971].
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In the investigation and analysis o f FD M A -FM  systems for the transm ission o f m ulti-channel telephony, 
calculations o f interference noise in individual channels should take account o f the follow ing sources o f 
interference:

— non-linearity  o f a realizable lim iter,

— non-linearity  o f a realizable frequency detector,

— threshold effect o f an FM receiver (taking account o f the m odulation  index o f the interference),

— A M -to-PM  conversion in the R F  channel.

Analytical expressions for the necessary calculations and details on the m ethod are given by different 
authors [Dorofeev, 1972; K antor and  M ustafidi, 1973; M ustafidi and Y ulin, 1974 and  1975].

5.3 Digital P SK  wanted signal

The treatm ent o f interference to digital PSK carriers is m ore com plex than  the analogue case. Bandpass 
filtering o f the PSK carrier to m inim ize bandw idth  requirem ents results in significant envelope am plitude 
m odulation  at frequencies related to the symbol rate. This, when converted to phase m odulation  by the A M /P M  
conversion m echanism , reduces the interference im m unity o f the system. Separate consideration  m ust be given to 
the perform ance o f the carrier and  clock reference recovery functions o f the system. Specification o f the 
m odulator and dem odulator characteristics with respect to filtering, carrier and  clock reference recovery techn i­
ques and  sam pling m ethods, may be expected to have significant im pact on the interference im m unity o f the 
system. At the present tim e there are no analytic expressions available for the com putation  o f the interference 
effect to  PSK carriers transm itted over a non-linear channel. Laboratory  m easurem ents on various specific systems 
have been presented and can be used for guidance. [Wachs and W einreich, 1975; W einreich and  W achs, 1976].

6. Measurements of interference into digital systems

The details o f a study verified by tests carried out in Japan  are contained  in [CCIR, 1963-66]. The results 
show that a considerable reduction in interference is possible from  angle-m odulation  systems into pulse-code 
m odulation  systems using phase-shift keying as com pared to the m utual interference between two angle-m odula­
tion systems.

Similarly, lim ited tests conducted in France [CCIR, 1970-74b] show ed agreem ent between theory and  
m easured data.
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R EPO R T 448-3

DETERM INATION OF THE INTERFERENCE POTENTIAL  
BETWEEN EARTH STATIONS AND TERRESTRIAL STATIONS

(Question 2 /4 , Study Program m e 2A /4)

(1970-1974-1978-1982)

1. Introduction

W hen the co-ordination  area o f an earth  station includes territory  o f any other adm inistra tion , m utual 
consultation  between the adm inistrations concerned is required. Each terrestrial station  w ithin the co-ord ination  
area m ust be exam ined to determ ine w hether it will experience or cause m ore than a perm issible am ount o f 
interference. W here the results o f a prelim inary study indicate possible interference situations or where it appears 
that the num ber of interference entries may exceed those assum ed in R eport 382, the interference probabilities 
between the earth station and  the terrestrial stations m ust be evaluated on the basis o f detailed calculations.

This R eport describes a m ethod for assessing w hether interference between earth  stations and  specific 
terrestrial stations can be expected to exceed a pre-determ ined perm issible level. It is in tended only as a guide for 
adm inistrations since the m ethod for determ ining the possibilities o f interference is subject to agreem ent between 
the adm inistrations concerned.

A supplem entary approach  to the concept o f the auxiliary contours presented in R eport 382 is also 
described in Annex I to this Report.

2. Preliminary elimination procedure

The m ethod of calculating co-ordination  distance as described in R eport 382 assum es certain  reference 
values for the param eters o f terrestrial stations. A very large percentage o f the actual or p lanned  terrestrial stations 
rem aining w ithin a co-ordination  area can be elim inated from  further consideration  with a know ledge o f their 
actual or p lanned param eters,'by  using the auxiliary contours as defined in A ppendix  28 o f the R adio R egulations 
(G eneva, 1979).

One set of contours is associated with values o f the terrestrial station interference sensitivity factor, S  in 
dBW  which is defined as:

S  = Gr -  Pr(p) (1)

where,

Gr : the net gain (i.e., the gain o f the an tenna itself m inus the feeder loss in dB relative to isotropic,
where the feeder loss is not know n, its value should be assum ed to  be 0 dB) o f the receiving 
an tenna o f the terrestrial station in the direction o f the earth  sta tion ;

Pr( p ) : the perm issible interference pow er (in dBW ) in the reference bandw idth  to be exceeded for no 
m ore than p  per cent o f the tim e at the receiver input o f a station  suffering interference (in this 
case a terrestrial station).

The other set o f contours is associated with values o f terrestrial station e.i.r.p.;

E  =  P,  +  G,  (2)

where,

P, : available transm itting  pow er (in dBW ) in reference bandw idth  B at the input to the an tenna  o f an
interfering station (in this case a terrestrial station);

Gy : the gain (in dB relative to isotropic) o f the transm itting  an tenna o f the terrestrial station  in the
direction o f the earth station.

Each terrestrial station which is located w ithin the co-ordination area m ay now  be exam ined to determ ine 
whether it can be excluded from  further considerations:

— for terrestrial stations which may be receiving interference from  the earth  sta tion , the interference sensitivity
factor in the direction o f the earth  station should be determ ined. If  this value is less than  that associated w ith
the nearest con tour outside which the station is located, then the station may be excluded. O therwise, detailed  
calculations as described in § 3 m ust be carried out.

— for terrestrial stations which may be causing interference to the earth  station, the actual e.i.r.p. in the direction  
o f the earth station should be determ ined. If this value is less than  that associated with the nearest con tour 
outside which the terrestrial station is located, then the station  may be excluded. O therwise, detailed 
calculations as described in § 3 m ust be carried out.
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The above m ethod has been based on the assum ption:

— tha t the basic transm ission loss curves on which R eport 382 is based are conservative;

— th a t the num ber o f interference entries assum ed in R eport 382 for the calculation of the auxiliary contours is 
no t exceeded.

Terrestrial stations elim inated by the above procedure from  further consideration with regard to great 
circle propagation  m echanism s, need nevertheless, be considered further with regard to rain scatter propagation, 
when they lie within the rain scatter co-ordination  area.

3. Determination of interference potential (great circle p ropagation  m echanism s) (See R eport 569)

Terrestrial stations located within the co-ordination  area, which cannot be elim inated from  further
consideration by the m ethod described in § 2 m ust be subjected to  a m ore detailed analysis.

For each terrestrial station it is necessary to com pare the available basic transm ission loss for the path and 
the m inim um  perm issible basic transm ission loss value, at which interference is negligible for two time
percentages, (1) equal to 20% of the tim e (p ,) , and  (2), a low percentage o f the tim e ( <  1%) designated p2.

It may be assum ed that interference is negligible when, for both tim e percentages, the available basic 
transm ission loss for the path exceeds the m inim um  perm issible basic transm ission loss.

3.1 Level o f  m axim um  permissible interference

The level o f perm issible interference pow er at the input o f the receiver o f a terrestrial or an earth station
m ay, in the most general form , be expressed as the unw anted radio frequency power ( Pr) from any one o f n 
sources o f interference, in a reference bandw idth (B),  to be exceeded for not m ore than specified percentages of 
the tim e (/?,■). For most practical purposes two such percentages o f the tim e will be adequate; one (/?,), chosen to 
reflect norm al (near m edian) conditions for which interference contributions from  all interference sources may be 
assum ed to occur sim ultaneously and to add on a pow er basis, given by:

Pr( p }) =  10 log (kT rB ) +  J  -  10 log «, — W  dBW (3)

and another ( p2), chosen to reflect significantly enhanced (small percentages o f the time) interference conditions,
for which interference contributions from  all interfering sources m ay be assum ed to occur non-sim ultaneously and 
to add on a percentage-of-the-tim e basis, given by:

P X P i / n 2) =  10 log ( kTrB)  + J  + M ( p 2/ n 2) -  W  dBW  (4)

where,

P\,  p2 '. percentages o f the time during which the interference from  all sources may exceed the
perm issible level; p x represents long term (p ] > 1%), and p2 short-term  conditions (p 2 <  1%);

n] : effective num ber o f expected sim ultaneous equal-level interference contributions, associated
with ;

n2 : effective num ber o f expected rion-sim ultaneous equal-level and equal-percentage-of-tim e,
interference contributions, associated with p2 ;

k :  B oltzm ann’s constant, 1.38 x 10-23 J /K ;

Tr : noise tem perature o f receiving system (under clear sky conditions for earth  stations), (K);

B : reference bandw idth  (in Hz) (bandw idth, o f concern to the interfered-w ith system, over which
the interference pow er can be averaged);

J : ratio  (in dB) o f the perm issible long term (20% of the time) interfering pow er to the therm al
noise pow er in the receiving system; (see N ote 2 o f Report 382);

M ( p 2/ n 2) : ratio (in dB) between the perm issible interference powers during ( p2/ n 2)% and 20% of the
tim e respectively, for all entries o f interference; (see N ote 3 o f R eport 382);

W : ratio  (in dB) o f increm ental therm al noise pow er to interference power, at radio frequencies,
in the reference bandw idth, for equivalent post-detection signal degradation  (see N ote 4 o f 
R eport 382);

Num erical values for these param eters are listed in Table I.



T A B L E  I -  Values o f  param eters relating to equations (1) and (2)

Frequency range (G H z) 1-10 1-10 1-10 10-15 10-15 10-15 15-40 15-40

Service o f  interfering system Fixed
satellite

Fixed
satellite

Fixed/
mobile

Fixed/
mobile

Fixed
satellite

Fixed
satellite

Fixed/
m obile

Fixed
satellite

6 c Fixed/ Fixed/ Fixed Fixed Fixed/ Fixed/ Fixed Fixed/
mobile mobile .satellite satellite mobile m obile satellite m obile

•o Radio­ Trans­ Earth Earth R adio­ R adio­ Earth R adio­
<0
i

relay horizon station station relay relay station relay

£ M odulation A A A . .A A N N N

P l(% ) 20 20 20 20 20 20 20 - 20

«1 . 2 1 3 2 2 ' 2 4 1

M ° /o ) 0.01 0.01 0.03 0 .03 0.01 0.003 0.003 0.003

n 2 2 1 3 2 2 1 . 1 1

B  (H z) 4 X 103 4 X 103 106 106 4 X 103 106 106 106

/ ( d B ) 16 9 - 8 - 8 - 16 0 * * 0 0* *

M  (p 2ln2) (dB ) 17 17 17 17 17 3 0 * * 5 *- 3 0 * *

W  (dB ) 0 0 4 4 0 0 0 0

Tr (K) 750 500 — — 1500 1500 3200

* M(p2/n2) may assume values between 5 and 40 dB depending on frequency, rain climate and system design.
** These values are appropriate to the general case of uncorrelated fading of wanted and unwanted signals. Where this fading (due to rainfall) can be assumed to be substantially correlated (i.e., when the 

interference follows the same path as the wanted signal), value's for J .and M (p2/n2) different from those shown may be applicable.
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3.2 M inimum permissible basic transmission loss

The m inim um  permissible basic transm ission loss for 20% of the time is given by:

Lh(20) =  P, + G,. + Gr -  Pr(20) (5)

The m inim um  perm issible basic transm ission loss for p%  o f the tim e is given by:

Lh(p)  =  ?t +  Gr + Gr — Pr(p)  (6)

where p  =  p ^ / ^ i  (from Table I), Pr and Gr are the pertinent param eters o f the interfering station on the path of 
m inim um  transm ission loss, and Gr, Pr(p) and Pr(20) are the pertinent param eters o f the station suffering 
interference on the path of m inim um  transm ission loss.

3.3 Available basic transmission loss

The calculation procedures explained in Report 569 or any other procedure acceptable to the adm in istra­
tions concerned may be used.

However, when the terrestrial station concerned is 25 to 100 km from  the earth station, a rap id  m ethod 
can be applied which consists o f using the curves shown in Figs. 1 and 2, which are deduced from Figs. 10-1-18 
and 10-1-19 in the Annex to C hapter 10 of the S.J.M. R eport (C C IR  Special Jo in t M eeting, 1971). These curves 
show the available basic transm ission loss values (0.01) and (20) for 0.01% and  20% of the tim e norm alized to 
4 GHz, and are applicable irrespective of the nature o f the interference path (i.e., for both overland paths and  
oversea paths). The values for the available basic transm ission loss, Lh](p)% and Lh] (20%) for p %  and  20% o f the 
time, at any frequency, are deduced using the equations:

L b \(P )  =  +  P (P )  +  2 0  l o § ( / / 4 )

Z „ (20) =  M 20) +  20 log i f / A )

where F(p ) is given in R eport 382.

If either o f the values thus obtained does not exceed the corresponding m inim um  perm issible basic 
transm ission loss, a m ore accurate m ethod on the lines o f those shown at the beginning o f this section m ust be 
used.

4. Determination of interference potential (precipitation scatter)

In cases where interference may be due to rain scatter propagation , the m inim um  perm issible transm ission
loss:

L(p)  = Pr -  Pr(p)  (8)

must be calculated and com pared with the loss due to rain scatter p ropagation . If the first value is less than the
second, it can be said that the interference due to scattering from  precip itation  is negligible.

A m ethod of calculating the available transm ission loss between an earth station and a terrestrial station 
where the propagation  m echanism is scattering due to precipitation, is given in R eport 569.

5. Consideration of fading

When estim ating the probability o f interference between earth and terrestrial stations, account should be 
taken of the possibility of fading of the wanted signal while the unw anted signal is unchanged.

Further studies are required in order to assess fully the probability  o f interference, in the general case
where both the w anted and unw anted signals vary, taking into account the statistical correlation.

A study conducted in the United Kingdom  has shown that there may be some correlation between the 
incidences of m ultipath fading of the wanted signal and ducting or super refractive enhancem ents o f the 
interfering signal. This is discussed further in Report 569.

6. Conclusion

It may be concluded that interference between an earth station and a terrestrial station is negligible when 
the interference power level for great circle propagation m echanism  does not exceed the m axim um  perm issible 
level of interference for 20% of the time, and also when the interference power level for all propagation  
m echanisms com bined (i.e., great circle and rain scatter p ropagation  mechanism s) does not exceed the m axim um  
permissible level o f interference for a small agreed percentage o f the time.
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d  (km)

FIG U R E  1 -  20°lo o f  the time

(a ):  free space
d : distance (km) from the earth station to the terrestrial station
L o(20): basic path transmission loss (dB ) normalized to 20°/o of the time and to 4 GHz
6 : angle o f elevation o f the physical horizon above the horizontal plane from the earth station in the

direction the terrestrial station
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d  (km)

FIG U R E 2 -  0,01  °/o o f  the time

(a ):  free space
d : distance (km) from the earth station to the terrestrial station
Lo(0 ,0 1 ) : basic path transmission loss (dB ) normalized to 0,01%  o f the time and to 4 GHz
6 : angle o f elevation o f the physical horizon above the horizontal plane from the earth station in the

direction o f  the terrestrial station
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A N N E X  I

A U X IL IA R Y  C O N T O U R S  A S S O C IA T E D  W ITH  A V O ID A N C E  A N G L E

For a rapid  first approxim ation , particularly  when terrestrial stations in an area are draw n on a m ap o f 
that area, it may be helpful to use avoidance angle contours.

If concerned adm inistrations agree, this m ethod could be used as a supplem entary  procedure to tha t 
referred to in R eport 382. However, as this m ethod assumes that all terrestrial stations w ithin the co-ord ination  
area have the same rad ia tion  pattern  and  the sam e pow er equal to its m axim um  perm issible value, a num ber of 
terrestrial stations which would be elim inated by the general m ethod, given in § 2 o f this .Report will not be 
elim inated by the use o f the avoidance angle concept.

On the basis o f a reference rad iation  pattern  for terrestrial station an tennas, such as the one given by 
equation (3) in R eport 614, it is possible to determ ine a set o f auxiliary contours as a function  o f avoidance angle. 
The avoidance angle is defined ais the azim uthal angle, (p, between the main beam  axis o f the terrestrial station 
an tenna and the direction tow ards the earth  station. These auxiliary contours fo r p ropagation  m odes (1) and  (2) 
allow the elim ination from  further consideration  o f all terrestrial stations having avoidance angles >  (p and  
located outside o f the auxiliary contours labelled cp.

The same auxiliary contours for propagation  m ode (1) draw n for reduced sensitivity S  or e.i.r.p. may also 
be labelled with corresponding avoidance angle. The avoidance angle corresponding to a particu lar S' o r e.i.r.p. 
con tour is calculated from  the appropria te  reference radiation  pattern  by using the difference between m axim um  
gain and  gain in the direction cp degrees off.

A uxiliary contours for propagation  m ode (2) with avoidance angle as param eter m ay be determ ined by an 
iterative process explained in [CCIR, 1978-82]. . ,

Figure 3 illustrates auxiliary contours for propagation  modes (1) and (2). for a receiver earth  station.

FIGURE 3 -  Example o f auxiliary contours associated with avoidanqe 
angle cp, for propagation mode (1) ( ------- ) and propagation rhode (2) ( ------- )
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R E F E R E N C E S

C C IR  Docum ents

[1978-82]: 4 /1 3 0  (9 /1 0 1 ) (Y ugoslavia  (Socialist Federal R epublic of)).

REPO R T 792-1

CALCULATION OF THE M AXIM UM POWER DENSITY AVERAGED  
OVER 4 kHz OF AN ANGLE-M ODULATED CARRIER

(1978-1982)

1. Introduction

In accordance with Article 11 of the Radio Regulations, an adm inistra tion  which intends to establish a 
satellite system shall send to the International Frequency Registration Board the in form ation listed in A ppendix 4 
to the Radio Regulations. Furtherm ore, an adm inistration  requesting co-ord ination  with any other A dm inistration , 
o f a frequency assignm ent to a space station on a geostationary satellite or to an earth station that is to 
com m unicate with a space station on a geostationary satellite, shall send to any other such adm inistration , the 
inform ation listed in A ppendix 3 to the Radio Regulations.

As one item of the inform ation listed in A ppendix 3 and A ppendix 4, such an adm inistration shall 
calculate the m axim um  power density per Hz at the input o f the an tenna averaged over the worst 4 kHz band for 
transm itted carriers below 15 GHz. However, generalized methods to calculate the m axim um  power density o f a 
carrier are not necessarily indicated so far.

This R eport shows the m ethods o f calculation of the m axim um  pow er spectral density o f angle-m odulated 
carriers to be used for notification and co-ordination  of frequency assignm ents to radio astronom y and space 
radiocom m unication stations, except stations in the broadcasting-satellite service, in accordance with Article 11 o f 
the Radio Regulations.

In order to ensure that the worst case interfering situation is used for co-ordination  and notification 
purposes, the power spectral density should be calculated under light traffic load conditions. For an extrem e case 
of a carrier w ithout m odulating signal or for an em ission in which the necessary bandw idth  is less than 4 kHz, the 
power over 4 kHz is considered to be num erically equal to the total pow er of the emission.

2. Calculation of the maximum power density (averaged over 4 kHz) of an angle-modulated carrier

2.1 General

Given below is the m ethod of calculating the power level in the worst 4 kHz (W /4  kHz). The pow er 
density per Hz required by the Radio Regulations is obtained by dividing this value by 4000.

2.2 M axim um  power density per 4 kH z o f  an FM carrier [Iwasaki and  Fujii, 1976]

2.2.1 FM  carrier modulated by a multi-channel telephony signal

The maximum power spectral density at full baseband loading is determ ined either by the residual
carrier or by the peaks of the continuous spectrum , depending upon the nature o f the m odulation. The
power o f the residual carrier is given by:

The maximum power spectral density in the continuous part o f the spectrum  can be obtained by 
the m ethods described in References [M iddleton, 1951; M edhurst, 1960 and 1961; Ferris, 1968], or ap p ro x i­
mately from the graphs of Fig. 2 o f this Report, which were derived by those methods. The graphs are 
presented in norm alized form, with norm alized spectrum.

P, exp ( -  vp0) (W) ( 1)

(2)



Rep. 792-1 145

and with m ultichannel m odulation index:

.. f t
A (3)

and r.m.s. phase deviation: fh

> * '.< /)d / (4)
fl

The spectral densities given by the graphs can be scaled to any bandw idth , such as 4 kHz, in which 
the density does not vary appreciably.

In these relations the symbols have the following m eanings:
P, : the total power o f carrier (W),
f i  : m ulti-channel r.m.s. deviation (Hz).

-  15 + 10 log Nc

f d  x 10 20 (N c ^  240)
- 1 + 4  log Nc

f d  x 10 20 (240> N c^ 60)
2,6 + 2 log Nc

f d  x 10 20 (6 0 > A f ^ 1 2 )

f , : r.m.s. test tone deviation (Hz),
Nc : num ber o f channels
W fi f )  : spectral power per unit bandw idth  (W /H z),

f ,  : top  frequency o f the baseband (Hz),
f : bottom  frequency o f the baseband (Hz),
W f f )  : power density spectrum  of the baseband frequency m odulation (W /H z).

The evaluation of vp0 for systems with pre-em phasis in accordance with Rec. 275, and  o f the 
m axim um  value o f V( f  ) for such systems having \j/0 <  0.5 is set out in A nnex I o f this Report.

For carries for which 1 <  N  <  12, the m axim um  pow er density per 4 kH z is approxim ated  by the 
expression:

/> cos2 'f i t  (W/4 kHz for m b <  1) (5)

where:
P, : total power of the carrier, in watts;
m h : the peak m odulation index (radians) due to an 0 dBm test tone in the highest frequency baseband 

channel.

2.2.2 FM carrier m odulated by a multi-channel telephony signal and an energy dispersal signal o f  a 
triangular waveform with fix e d  amplitude

Some m ethods o f applying energy dispersal using a low frequency triangu lar wave to F M /F D M  
transm ission are given in R eport 384.

T riangular wave dispersal systems are norm ally designed to ensure that the m axim um  pow er 
spectral density per 4 kHz centred on the carrier frequency is m aintained within 3 dB of the fully loaded 
value.

The power spectral density centred on the carrier frequency is given by:

P,
x 4000 (W/4 kHz) (6)

A F

where:
P, : the total power of the carrier (W);
A F :  peak-to-peak frequency deviation due to the energy dispersal signal (Hz).

N on-linearities in the triangular dispersal waveform will norm ally be present, generally of such a
form as to lead to an increase in spectral density away from the carrier, relative to the ideal case.

However the residual deviation o f the carrier due to pilot tones, VF telegraph bearers etc., should 
in most cases considerably dim inish the effect o f these non-linearities.

Until m ore evidence is available regarding the perform ance achievable by the m ethods described in
Report 384, the maxim um  power spectral density with triangular wave dispersal should be calculated using 
expression (6).
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2.2.3 FM  carrier m odulated by a television video signal

— For the case where an energy dispersal signal o f a triangular waveform  is superim posed on the video 
signal, the m axim um  pow er density per 4 kH z in the worst case is given by:

x  4000 (W/4 kHz) (7)

where:

P , : to tal pow er o f the carrier (W)

A F :  peak-to-peak frequency deviation due to the energy dispersal signal (Hz)

Note. — E quation (7) assumes the use o f perfectly linear triangular dispersal waveform. Negligible error 
results from  this assum ption for current FM  TV transm issions.

— For the case where there is no m odulation , and  an energy dispersal signal is not used, the maximum 
pow er density per 4 M Hz in the worst case is given by:

P, (W /4kH z)

2.3 M axim um  power density per 4 kH z• o f  a phase m odulated (PM) carrier modulated by a multi-channel 
telephony signal [Y okoyam a et al, 1975] .

W hen a PM carrier is m odulated by a m ulti-channel te lephony signal, the m axim um  pow er density is 
found at the centre frequency of the carrier. This is true if the top  baseband frequency is much larger than the 
bottom  baseband frequency. An expression for the m axim um  pow er density assum ing this condition is given as 
follows:

— fo r s  2: W J T h J / %  *  4000  (W/4 kHz) (8)

— for (3afl <  2, the m axim um  pow er density per 4 kHz is the sum o f following two terms:

— continuous spectrum : P, x 5(0) x 4000 (W /4  kHz)  ̂ (9)

5(0) can be found from  Fig. 1 which’ gives values for the ratio o f the total carrier pow er to power density in 
a bandw idth  o f f h (Hz).

— residual carrier: P, exp ( — ((3a0)2} (W) (10)

where:

P ,: total power o f the carrier (W),

(3g „ : m ulti-channel phase deviation (rad),

(3 : r.m.s. test tone phase deviation (rad),

Qa : loading factor o f the m ulti-channel telephony signal.

cr, =

{

-1 5  +  10 log N
20 (for W >  240)

_ 1 +  4 log At
10 20 (for N  <  240)

N : channel num ber,

f h : top  baseband frequency (Hz).
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M ulti-channel phase deviation, j3oa ( rac0

FIG U R E  1 -  P ow er density at the centre frequency o f  continuous pow er spectrum  o f  P M  carrier in a bandw idth  o f  f h

2.4 M axim um  power density per 4 kH z o f  a P SK  carrier

The m axim um  pow er density per 4 kH z o f a PSK  carrier m odulated  by a digital energy dispersal signal o f 
a PN  (pseudo noise) sequence is given by:

P, x (4000/ B) (W /4  kHz)

when the repetition cycle o f the PN  sequence is longer than  250 ps; and  by:

P. • =Lr V 1 4 1 I +  1 (W/4 kHz)
L  +  1 /[4 0 0 0 ]  1
~ T T ~ \ [ l / L t \  + 1 j

(H)

( 12)

when the repetition cycle o f the P N  sequence is equal to o r less than  250 ps; 

where:

P, : total pow er o f the carrier (W),

B : symbol rate (sym bol/s),

L  : length o f the PN  sequence (symbol), 

t : symbol duration  (s).

4000
l / L t

■ in te g e r  p a r t  o f
4000
\ / L t

The expressions given above apply  to the case o f PN  sequence m odulation  o f a PSK carrier and  w ould be 
applicable to cases where the PSK message signal is continuously overlaid  by a P N  scram bling sequence. Large 
errors could result from  the application  o f these expressions to systems, such as TD M A , in which the pream ble 
portion  of the signal, added parity bits, and the like, are not scram bled. Furtherm ore, in m ulti-phase systems the 
spectral uniform ity expected from  PN  energy dispersal m ay be destroyed by the com m on operation  o f d ifferential 
encoding.
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It should be noted that the above treatm ent does not give any guidance as to the assum ptions which 
should be made to cover the case o f PSK systems w ithout energy dispersal, under conditions in which bit patterns 
could repeat in such a m anner as to concentrate the pow er in a relatively small num ber of spectral lines. 
R eport 384 touches on the problem  but further work is required.

Normalized frequency deviation, m =  f^ / fh

FIGURE 2 -  Maximum spectral density o f signal (distributed component) frequency modulated by
Gaussian noise 

(pre-emphasis of Recommendation 275)

Curves A: ’I'o =0.1 
B: 'I'o =0.2 
C: = 0.4
Di'I'o = 1.0 
E: to  = 2.0

F: to  =4.0 
G : to  = oo
H : small-deviation approximation (Report 792)
J : large-deviation approximation 
• :  values for standard radio-relay systems (as labelled)
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A N N E X  I

C A L C U L A T IO N  O F PO W E R  SPE C T R A L  D E N S IT Y  

FO R LOW  V A L U E S O F M E A N -S Q U A R E  P H A SE D E V IA T IO N

Evaluation of v|/0 for systems with CCIR pre-emphasis

The C C IR  pre-em phasis function is defined as:

I?  /  \  a  J  1 +  2 0 8 0  * 2 +  ° - 4 0 9 6  1 u  /F (x) =  0.40003 <  -------- — ------=-----------------   > where x =  —
\ l  -  0.8547 x 2 +  0.4096 x 4J f h

'I'o
1 F  (x) f  f

— t— dx where m =  —  and  P =  —
B X2 f h f h( 1 - P )

The integral can be evaluated exactly to give:

’• '» =  ( i 3 p )  ~  0 0329 ~  24640 R { m )

where -  0.91316 t a „ -  -  0.20380 log, ^  “  1‘82633 ■' +  1
1 -  f  J | v +  1.82633 y  +  1

2. Evaluation of Vmax for systems with CCIR pre-emphasis having n/0 <  0.5

For v(/0 <  0.5 the f.m. spectrum  in the “ first o rder sideband” region may be approx im ated  by the first term  
in the M iddleton expansion:

= .e"*° ™2 F (x)
2 ( 1 - P )  x^

where:

x  ■ f / f
p : f / f , - ,  and
F(x) : pre-em phasis o f Rec. 275. 
Consequently,

_ e “ 't'° m 2 F (p) 
mfl* _  ~ T ~ ' (T ^P ) ‘ " p 2 -

This result, together with the expression for \|/0 as a function o f m  and  P m ay be used to derive curves 
relating Vmax to m  and \|/0 , such as those given in Fig. 2.

R EPO R T  449-1

M EASURED INTERFERENCE INTO FREQUENCY-M ODULATION TELEVISION SYSTEM S  
USING FREQUENCIES SHARED W ITHIN SYSTEM S IN THE FIXED-SATELLITE SERVICE 

OR BETWEEN THESE SYSTEM S AND TERRESTRIAL SYSTEM S

(Question 2 /4 , and  Study Program m es 2A /4  and 2 J /4 )
(1970-1974)

1. Introduction

In determ ining the conditions under which systems in the fixed-satellite service can share the sam e
frequency bands with each other as well as w ith terrestrial systems, it is necessary to relate the ratio  o f the 
interfered-w ith to interfering signal powers to the picture degradation. In contrast to  telephony, where com pu ta­
tions are reliable, it has not been possible to com pute the interference between two frequency-m odulated  television
signals, so it is necessary to rely on m easurem ents.
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M easurem ents have been carried out in several countries and the results are sum m arized in § 2 and 3 
respectively for subjective and objective m easurem ents.

It should be noted that any particular values o f interference ratio m entioned in this R eport are not 
recom m ended as suitable interference objectives. The allow able interference should be included in the overall 
television noise objective.

2. Subjective measurements

2.1 Tests performed in the United S tates o f  America

Carefully controlled subjective laboratory  tests have been m ade of interference between carriers, m odulated 
in frequency by pre-em phasized 525-line NTSC colour television signals, with peak-to-peak frequency deviations 
o f  8 M H z to represent terrestrial radio-relay usage, and 24 M Hz to represent com m unication-satellite usage. 
Pre-em phasis and de-em phasis networks conform ed to Recom m endation 405, curve B. The interfered-with carrier 
used a m odulating video signal, generated from  a test colour slide while the interfering carrier used a m odulating 
video signal obtained from  reception o f a com m ercially broadcast television program m e. The interfering carrier 
was also m odulated with a 30 Hz triangular carrier-dispersal wave form the am plitude o f which was set to 
produce 2 MHz peak-to-peak frequency deviation. The actual value was not intended as a recom m endation for 
w orking systems but merely a level which would perm it evaluation o f its subjective effect on systems with range of 
deviations. M easurem ents were m ade with the two carriers on the sam e frequency with the two carriers spaced by 
10 M Hz, and with the two carriers spaced by 20 MHz. M oreover, m easurem ents were m ade for a 960-channel 
FD M -FM  system and an 1800-channel FD M -FM  system interfering into the TV-FM  system with the aforem en­
tioned carrier spacings. The signal-to-therm al noise ratio o f the interfered-w ith signal was determ ined by the 
orig inating  television cam era (46.4 dB unw eighted and 53.8 dB weighted). The transm ission system signal-to-noise 
ratio  was in excess o f 73 dB. C onsequently, the transm ission system did not degrade the originating signal. The 
results could be different in the presence o f additional triangular therm al noise.

Precision television and radio equipm ent were used, and the interference was scored by ten observers 
experienced in judging im pairm ents to television pictures. Each observer judged each test condition three times. 
The test conditions were selected random ly; therefore thirty evaluations were ob tained for each test condition and 
the result was sm ooth data d istributions and a basis for large statistical confidence in results. The viewing 
conditions for the television pictures were chosen to avoid m asking the im pairm ent. The m onitor, on which the 
viewing was done, was located in a darkened room  and the brightness and contrast o f the picture were adjusted to 
a level that appeared pleasing to the eyes o f the experim enters. Thus, the conditions were sim ilar to viewing 
conditions in television broadcasting  studios and control rooms.

The pictures were judged on a seven-point scale o f im pairm ent, ranging from  G rade 1, not perceptible, to 
G rade 7, extremely objectionable. N orm al distribution fits were derived for the response o f each im pairm ent 
grade.

Although during the tests the peak-to-peak frequency deviation ratio o f the interfered-w ith system was 
fixed and  the interfering carrier was always in tentionally  spread, the baseband signal o f an actual system may 
consist o f essentially the synchronizing and dispersal signal. This condition was tested and the subjective responses 
were unchanged as long as:

— all of the interfering radio-channel pow er is w ithin the w anted signal’s bandw idth  (peak-to-peak deviation 
plus twice the highest m odulating frequency) whether m odulated or not;

— or the interfering radio-channel power is alm ost entirely outside this bandw idth  whether m odulated or not.

However, when the m odulated interfering carrier has power within the interfered-w ith spectrum  and when 
unm odulated  it is totally outside, the m odulated signal produces m ore interference.

It was established that 525-line m onochrom e television im pairm ents are close to those for 525-line NTSC 
colour television.

The tests were m ade with a single interfering signal.

The interference results corresponding to a G rade 2 or better are reported  in Tables I, II and III as a 
m ean (p) and standard  deviation (a) o f a norm al distribution fit.

In addition to the 10 observer tests there were additional one-observer tests to determ ine certain 
interference im pairm ents not easily evaluated by 10 observers.
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TABLE I — Interference ratio (dB) for a normal distribution fit for Grade 2 or better between an interfered-with 
video signal generated from a test slide and an interfering video signal comprised o f typical colour

programme material

Peak-to-peak frequency deviation (M H z)
Frequency  

separation (M H z) P (dB) a  (dB)
Interfered-with signal Interfering signal

24 24 0 19-9 3-1
24 8 0 19-6 1-5

8 8 0 28-7 2-3
8 24 0 29-2 2-5

24 8 10 14-7 3-0
8 24 10 25-5 3-7

24 24 20 11-9 1-6
24 8 20 7-2 1-6

8 8 20 9-8 2-3
8 24 20 16-5 1-7

24 8 3-24 20-6 3-0

TABLE II — Interference ratio (dB) for a normal distribution fit for Grade 2 or better between an interfered-with 
video signal generated from a test slide and an interfering 960-channel FDM-FM signal

Interfered-with signal 
Peak-to-peak  

frequency deviation  
(M H z)

Interfering signal 
R atio o f  r .m .s. frequency  

deviation to  
highest baseband frequency

Frequency
separation

(M H z)
P (dB) a  (dB)

single channel m ulti-channel

24 0-044 0-25 10 11-1 1-5
24 0-044 0-25 0 14-9 2-5

8 0-132 0-75 10 21-4 3-2

TABLE III — Interference ratio (dB) for a normal distribution fit for Grade 2 or better between an interfered-with 
video signal generated from a test slide and an interfering 1800 channel FDM-FM signal

Interfered-with signal 
Peak-to-peak  

frequency deviation  
(M Hz)

Interfering signal 
R atio o f  r .m .s. frequency 

deviation to  
highest baseband frequency

Frequency
separation

(M H z)
P (dB) o  (dB)

single channel m ulti-channel

24 0-051 0-38 0 14-2 1-9
24 0-051 0-38 20 9-7 1-5
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2.1.1 An investigation for a worst frequency spacing was carried out. This investigation was conducted 
for a continuous frequency separation between co-channel and the top baseband frequency o f 4.2 MHz. It 
was determ ined that a frequency separation  o f 3.24 M Hz was som ewhat m ore interfering. This spacing was
subsequently evaluated by the 10 observers and the results are presented in Table I. The quantative
difference in group-observer response proved too small to be reliably defined by subjective tests.

2.1.2 Interference between systems spaced by 40 M Hz proved too small to generate any im pairm ent. In
fact, the interfering signal had to be greater than the interfered-w ith signal for interference to be
observable. However, the interference m echanism  that generates most o f the interference depends on the 
particular receiving filter; consequently, the result o f this experim ent cannot be generalized.

2.1.3 An investigation was also carried out with the addition  o f audio frequencies on the interfering and
interfered-with systems. The audio frequencies were im posed on the front porch o f the horizontal
synchronization interval o f the television signal in the form  of pulse-code m odulation signal. No
im pairm ent was expected from  this 5 kHz channel, and indeed none was m easured.

2.2 Tests performed in the United Kingdom

A series o f tests were carried out to assess the protection ratios required between television systems using 
frequency m odulation. The subjective assessments were m ade using a m onochrom e m onitor although the signals 
used were in fact colour signals.

The conditions under which the tests were carried out were not ideal, and  the results at this stage have 
been subm itted merely as a rough guide for interference problem s. Nevertheless, it is noted that the results 
ob ta ined  accord, in considerable m easure, with the results obtained in the m ore extensive measurem ents 
undertaken  in the U nited States o f America.

A six-point im pairm ent scale was in these subjective tests ranging from  G rade 1, im perceptible, to 
G rade 6, unusable.

In the main series o f tests, with co-channel carriers, at fixed deviation and w ithout energy dispersal, a total 
o f 48 viewers was used. O f these 16 were technical and 32 non-technical, none being skilled in the art o f picture 
appraisal. The picture m aterial on which the assessments were m ade consisted o f  selected live transm issions of 
film and  test card.

For the supplem entary tests, in which the effects o f deviation, energy dispersal, carrier spacing and picture 
conten t were investigated, the assessment was m ade by a single technical viewer relatively experienced in the art o f 
picture appraisal.

In all cases w anted and interfering signals were co-channel. The w anted signal was taken from a broadcast 
receiver and fed to a 70 M Hz FM m odulator via a standard  pre-em phasis network. The interfering signal was 
taken from  a 625-line grey scale generator and sim ilarly pre-em phasized and m odulated. The nom inal peak-to- 
peak deviation for both signals was 8 M Hz w ithout pre-em phasis.

The two signals were mixed at interm ediate frequencies with an attenuato r in the path o f the interfering 
signal to adjust the relative levels. The ou tput o f the dem odulator was de-em phasized and fed to the viewing 
m onitor.

Tests were first carried out with 8 M Hz deviation for both w anted and unw anted signals. It was found that
the protection ratios judged by 50% of the viewers to correspond to a particu lar grade or better varied
approxim ately  linearly from  33 dB to 6 dB as a function o f the im pairm ent G rades 1 to 6. Particular values were:

50% G rade 1: - 3 3  dB

50% G rade 2 or better: —26 dB.

The deviation o f the w anted signal was then varied between 4 and 21 M Hz, with the deviation o f the 
interfering  signal m aintained constant at 8 M Hz. It was found tha t the required protection ratios decreased 
approxim ately  in p roportion  to the increase in deviation o f the w anted signal (i.e. one dB per dB) as one would 
expect. However, at the higher deviations (i.e. greater than 12 M Hz) there was some departure from  this 
rela tionsh ip ; for exam ple, at 21 M H z the protection ratio was some 2 to 3 dB less than would be expected from  
linear extrapolation  o f the low deviation results.

It appears that the use o f the appropriate  protection ratio for a particu lar low deviation case, such as
8 M Hz, m odified in a linear m anner (one dB per dB) to take account o f the actual deviation, would be an
approxim ate way o f dealing with different deviations.

W hen the assessm ent o f im pairm ent was approxim ately G rade 1.5, the picture content o f the interfering 
signal had little or no effect on the protection ratio required.

W hen the im pairm ent was approxim ately G rade 1.5, the application  o f energy dispersal wave forms to the 
unw anted signal had little or no effect on the protection ratio  required.
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The interference was also found to be unaffected by small changes in the frequency o f the interfering 
carrier. As carrier frequency differences were increased beyond about 1 M H z there was a progressive subjective 
im provem ent, especially at high interference levels, but these are not reported  quantitatively.

2.3 Tests perform ed in France

A series o f tests were carried out as part o f a program m e to ascertain  the acceptable protection  ratios 
between the w anted and  interfering signal powers when a carrier, frequency-m odulated  by a te lephone m ultiplex 
signal, interferes with a frequency-m odulated television signal. The results were expressed in term s o f the 
w an ted /in terfe ring  signal pow er ratio ( CU/ C B) com m ensurate with a specified im pairm ent as a function o f the 
frequency difference between the nom inal values o f the w anted and interfering carriers.

The w anted signal consisted o f a 75% colour bar test pattern  transm itted  in the 625-line SEC A M  system. 
The carrier m odulation  standards were successively chosen in accordance with those recom m ended for line-of- 
sight television radio-relay systems (R ecom m endation 405 and  R ecom m endation 276) and those used in certain  
systems in the fixed-satellite service. In the latter case energy dispersal was used (25 Hz sym m etrical triangu lar 
wave form).

The interfering signal consisted of a carrier, m odulated , in accordance with the standards em ployed in the 
sam e satellite systems, by a signal sim ulating a telephone m ultiplex signal w ith m axim um  capacity  o f 24, 60, 132 
or 1872 channels. The m odulating  signal was either (a) suitably filtered and  pre-em phasized white noise sim ulating 
the m axim um  load o f the m ultiplex in question, or (b) a triangular energy dispersal signal sim ulating no-load 
conditions and so adjusted that the spectral density o f the dispersal carrier had a m axim um  value which was 2 dB 
higher than tha t ob ta ined  with white noise m odulation.

Since no satisfactory objective criterion was found by which to characterize the interference to the 
baseband television signal, it was decided to perform  the tests using the subjective m ethod only. The subjective 
interference level was chosen so as to correspond to the perceptibility threshold  in the absence o f therm al noise 
when the observer is in a dim ly lit room  at a d istance from  the screen equal to six tim es the height o f the picture. 
An exam ple o f the results is shown in Fig. 1 which shows the interference experienced by a satellite television 
signal when interfered with by a 132 channel F D M -F M  signal.

The nom inal frequency o f the channel transm itting  the television signal was defined as tha t corresponding 
to an average grey level (m edian brightness voltage o f the values corresponding  to b lack and  white). The 
frequency-m odulation  system was such that it was possible to assign a frequency adjustable to the level 
corresponding to  the bottom  o f the sync pulses.

After repeated m easurem ents in the sam e conditions it was possible to assess the results ob ta ined  to an 
accuracy of 2 dB.

Sl<0 C

Fo — Fi (MHz)

W anted signal: Television (satellite)

Interfering signal: Telephony 132 channels 
(case 2)

F ig u r e  1

F i : wanted carrier frequency 

F2 '. interfering carrier frequency 

A  : W hite
B : Bottom  o f  synchronisation

: full load  

: no load
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3. Objective measurements

Tests perform ed in Canada

The results o f objective m easurem ents o f co-channel 525-line television interference noise, in the presence 
o f therm al noise, are presented. To sim ulate practical operating  conditions, the FM interference was generated 
using live video-frequency signals as received from  a local broadcasting  station. The levels o f interference and 
therm al noise were adjusted independently  to achieve varied operating  conditions. The desired and interfering 
signals were m ixed at interm ediate-frequencies. The com bined interference and therm al noise was m easured at the 
ou tpu t o f a w ideband dem odulator.

The subjective results described in § 2 indicate that the interference is not very sensitive to the 
characteristics o f the m odulation on the interfering signal but that it is dependent on the deviation o f the wanted 
signal. This suggests using a single form ula to calculate the “ interference reduction factor” for the case of 
interference between frequency-m odulated television signals.

Fig. 2 gives the results o f m easurem ents for a peak-to-peak deviation o f both w anted and interfering 
signals o f 24 M Hz. Tests were also carried out for a deviation o f 8 M Hz on the interfering carrier but this had 
v irtually  no influence on the level o f weighted baseband interference noise. This is in agreem ent with the 
subjective tests reported in § 2.

Carrier-to-interference ratio, C /X  (dB)

F ig u r e  2

O bjective measurements o f  television interference noise in the presence o f  therm al noise

Peak-to-peak frequency deviation o f  interfering signal, 24 M H z  
Peak-to-peak frequency deviation o f  wanted signal, 24 M H z  
C /N =  Carrier-to-noise ratio

Curve A : interference on ly (extrapolation) Curve B: thermal noise only (extrapolation)

N o te . —  A t high values o f  the carrier-to-noise ratio, the signal-to-noise com pressions are due to noise in the m odulator and 
dem odulator and to other im pairm ents in transm ission

x x x :  measured points o f  3 dB degradation due to  interference

O O  G  : 3 dB degradation points derived em pirically using power addition o f  individually weighted baseband com ponents

A nother fact which came to light was that, in the absence o f therm al noise, the weighted interference noise 
may be approxim ated by the sim ple expression:

( S / I )  =  ( C / X )  +  Bv (1)

where:

S / 1 : peak-to-peak picture signal to weighted r.m.s. interference noise ratio (dB)

C / X : carrier-to-interference ratio (dB)

Bv : video interference reduction factor (d B ).
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For the conditions tested, an interference reduction factor, B v, was found  to be 33.5 dB. (The signal-to- 
interference ratios, S / /, were determ ined using the peak m easured values o f the noise over a 5 to 10 second 
interval where the interfering source was active, i.e., not during test pattern  or com m ercial presentation.)

On the basis o f these results and the findings presented in § 2 it is suggested that the follow ing expression 
be used to determ ine the interference reduction factor, B v, for other frequency deviations in the range from  8 to 
24 MHz.

B v = 6 +  20 log A F  dB (2)

where:

A F :  peak-to-peak frequency deviation o f the w anted signal, M Hz.

In the presence o f therm al noise, the to tal weighted baseband noise pow er is equal to the pow er-sum  of the 
weighted interference noise, as given by equation  (1), and the weighted therm al noise contributions. This holds 
true for carrier-to-interference ratios greater than  approxim ately  15 dB. At low er carrier-to-in terference ratios, the 
signal-to-noise ratio  begins to drop  m ore rapidly  due to an increase in the susceptiveness o f  the dem odulato r to 
phase reversals by the therm al noise.

4. Tests carried out in the U.S.S.R .

A com prehensive set o f results o f m easurem ents are described in docum ents o f the study period 1966-69 
which are both o f an objective and subjective nature. These results in general are in agreem ent with the results o f 
the m easurem ents reported  in § 2.1 and  2.2.

5. Conclusions

Further study o f the results reported  is required before general conclusions can be draw n. However a few
particu lar conclusions are as follows:

— the protection  ratio required to meet any specified perform ance is approxim ately  inversely p ropo rtional to the 
square o f the deviation o f the w anted signal;

— provided the w anted signal is m odulated the deviation o f the interfering signal does no t greatly affect the 
results. This suggests that the results are also applicable for interference from  an FM telephony signal;

— generally it can be considered that there is no value o f carrier-frequency separation  which gives interference 
m uch worse than the co-channel case. However certain tests have show n tha t when the carriers are separated 
by frequencies near the colour sub-carrier, interference levels higher than  the co-channel case can be 
experienced, as shown in § 2.3;

— the objective results for co-channel interference may be used when each interference entry results in less than  
perceptible interference. In this case the weighted interference noise calculated by m eans o f the interference 
reduction factor Bv may be added to the therm al noise in the system;

— the subjective results are applicable in cases where there are higher levels o f interference than  indicated 
im m ediately above, since the objective results do not allow for the fact that, at high levels o f interference, the 
subjective effect may be m ore objectionable than  that o f therm al noise.
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ALPHABETICAL INDEX OF KEY W ORDS AND TERMS OF VOLUM ES IV AND IX -  PART 2

A
Angle, azimuth (R ep .393)

Angle, elevation (R ep .393)

Antenna, earth station (R ep .876) 
directivity (R ep .876) 
effective area (R ep.876) 
elevation  angle (R ep.876)

Antenna, radio-relay (R ep .393, R ep.876) 
beam w idth, interference (R ep .393) 
directions (R ep .393) 
directivity (R ep.876) 
effective area (R ep.876) 
gain, transm itting (R ep .876) 
geom etric relations (R ep .393)

Antenna, space station (R ep .393, R ep.790, R ep .791) 
antenna, off-beam  gain  (R ep.790)  
beam w idth , receiving antenna (R ep.790) 
discrim ination , p olarization  (R ep.790) 
gain, inter-satellite link (R ep .791)  
inter-satellite link, sid e-lob e en velop e (R ep.791) 
spot-beam  (R ep.790)

Antennas, off-beam  gain (R ep .790)

Antennas, radiation diagram s (R ep .387)

Attenuation (R ep .382, R ep.790, R ep.791, R ep.876) 
absorption , atm ospheric (R ep.876) 
absorption , atm ospheric gases (R ep.791) 
absorption , gaseous (R ep .382) 
absorption , water vapour (R ep.791) 
as a function  o f  e levation  angle (R ep.791) 
atm ospheric (R ep.791) 
attenuation factor, water vapour (R ep.876) 
clear weather (R ep .791) 
gain, inter-satellite link (R ep.791) 
gases, atm ospheric (R ep .382) 
inter-satellite link, sid e-lob e en velop e (R ep.791) 
loss, transm ission (R ep.382) 
m argin, fade (R ep.876) . 
oxygen  (R ep.382)
path length, effective propagation  (R ep.876)
rainfall, rate (R ep.876)
rate (R ep.382)
site diversity (R ep .382)
span length, terrestrial radio-relay system s (R ep.876) 
water vapour, atm ospheric (R ep.382) 
zenith (R ep.791)

C
Contour, auxiliary (R ep.382)

Coordination area (R ec.359, R ep.382, R ep.388, R ep.448) 
contour, auxiliary (R ep.382) 
contour, coord ination  (R ep.382) 
contour, d istance (R ep.382) 
contour, rain-scatter coord in ation  (R ep.382) 
determ ination (1-40 G H z) (R ep.382) 
distance, coord in ation  (R ep.382) 
earth station, (FSS) (R ep .382) 
earth stations, m obile  (R ep.382) 
earth station, transm itting (R ec.359) 
loss, m inim um  perm issible transm ission (R ep.382)

param eters (R ec.359, R ep.382) 
propagation  m echanism s (R ep.382)
R adio R egulations, A p p en d ix  28 (R ec.359) 
single-channel-per-carrier, SC PC  (R ep.382)

Coordination contour (see C oord in ation  area, C oord ination
distance)

Coordination distance, calculation (R ep .382, R ep.448) 
com puter (R ep.382) 
contour, auxiliary (R ep.382) 
contour, rain-scatter coord in ation  (R ep.382) 
distance, backscatter (R ep.382) 
distance, rain scatter (R ep.382) 
earth station (FSS) (R ep .382) 
earth stations, m obile  (R ep.382) 
graphical m ethod (R ep.382) 
m axim um  distance (R ep.382) 
m inim um  value (R ep.382) 
m ixed  paths (R ep.382) 
param eters, coord in ation  (R ep.382) 
propagation  factors (R ep .382) 
radio-clim atic zon es (R ep .382) 
rain scatter (R ep.382) 
single-channel-per-carrier SCPC (R ep.382)

Coordination distance, factors (R ep .209, R ep .382, R ep.448) 
contour, coord in ation  (R ep .382) 
contour, d istance (R ep .382) 
contour, rain-scatter coord in ation  (R ep.382) 
ducting (R ep .209) 
earth station  (FSS) (R ep .382)
Earth stations, m obile  (R ep .382) 
loss, m inim um  perm issible transm ission  (R ep.382) 
losses, transm ission  (R ep .209) 
single-channel-per-carrier, SC PC  (R ep.382)  
tem perature inversions (R ep .209)

Cost factors (R ep.209)

D
D igita l radio-relay (see R adio-relay, d igital)

D igita l sa tellite  system s (R ec.406, R ep .382, R ep.790, R ep.793) 
bit error ratio (R ep .388, R ep.790) 
interference criteria (R ep .790, R ep .793) 
n oise (R ep.388)
perform ance objective (R ep.790) 
telephony, 8-bit PCM  (R ec.406)

D istance, coordination (see C oord in ation  d istance)

E
Earth stations (F S S ) (R ec.359, R ec.406, R ep.382, R ep .386,
R ep.387, R ep.388, R ep .448, R ep.790, R ep.793, Rep. 876) 

am plitude-m odulation , single-sideband  (R ep.386) 
angle, h orizon  (R ep.382) 
angle, m ain beam  elevation  (R ep.386) 
antenna (R ep.876) 
antenna, d iam eter (R ep.387)  
antenna, gain  (R ep.387) 

antenna, transm it gain  (R ep.386) 
bandw idth , channel (R ep .386) 
bandw idth (M H z) (R ep.876)  
bandw idth , reference (R ec.359, R ep.382)
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Earth stations (F S S ) (cont'd) 
carrier-to-interference ratio (C /I )  (R ep .388) 
carrier-to-noise ratio (C /N )  (R ep.876) 
contour, auxiliary (R ep.382) 
contour, coord ination  (R ep.382) 
coord in ation  area, determ ination  (R ec.359, R ep.382) 
con tour, rain-scatter coord in ation  (R ep .382) 
diam eter, antenna (R ep.876)  
distance, contour (R ep.382) 
distance, coord in ation  (R ep.382) 
energy dispersal (R ep  386) 
eq u ation s, radiated pow er (R ep.386)
eq u ivalent isotrop ically  radiated pow er (e.i.r.p.) (R ep.386)
frequency m odulation  (R ep .386)
gain , antenna (R ec.359, R ep.382)
interference criteria, d igital system s (R ep .793)
interference, m ethods for determ ining (R ep.388)
loss, feeder (R ep.876)
loss, transm ission  (R ep.382)
m argin (R ep.387)
m argin, interference (R ep. 382)
m argin, threshold (R ep .382)
m odels (R ep .793)
m odu lation  (R ep .388, Rep 876)
n oise  tem perature (R ec.359, R ep.382, R ep.387, R ep.876)
op tim ization  techniques (R ep.793)
param eters, coord ination  (R ep.382)
pow er, horizontally  radiated (R ep.386)
pow er, transm itter (R ep .876)
p re-em ph asis im provem ent (R ep.386)
p ropagation  m echanism s (R ep.382)
R adio  R egu lations, A ppend ix  28 (R ep.382) 
single-channel-per-carrier, SCPC (R ep.382) 
site sh ield ing  (R ep .386)
spectrum  dispersal (see energy dispersal) (R ep.386) 
threshold , d igital (R ep.382)

Earth stations (m obile) (R ep.382) 
coord in ation  area (R ep.382)

Elevation angle (R ep .876)

Energy dispersal (R ep .386)

Equivalent isotropically radiated power (e.i.r .p .) (R ec.359, 
R ec.406, R ep.382, R ep.387, R ep.876) 

lim its (R ep.386)
m axim um , radio-relay stations (R ec.406)
R adio R egu lations, A rticle 28 (R ep.386) 
stations, radio-relay (R ep .382)

F
Fade margin (R ep .877)

Fixed satellite  service/M obile satellite service

Frequency sharing (fixed  service) (R ec.355, R ec.356, R ec.358, 
R ec.359, R ec.406, R ec.558, R ep.209, R ep.382, R ep.386,
R ep.387, R ep.388, R ep.448, R ep.449, R ep.790, R ep.791, 
R ep.793, R ep.876, R ep.877) 

above 1 G H z (R ec.358) 
above 40 G H z (R ep.876) 
attenuation (R ep.876) 
attenuation, rain (R ep .387) 
bands above 1 G H z (R ec.356) 
b andw idth , reference (R ep .387, R ep.876) 
b elow  15 G H z (R ep.386) 
con d ition s (R ep .876)
coord in ation  area, determ ination (R ec.359)
coord in ation  distance (R ep .209)
cost factors (R ep.209)
criteria (R ep .877)
digital transm issions (R ep .382)

fixed  satellite service (R ec.355, R ec.358, R ec.406, Rec.558, 
R ep.209, R ep.386, R ep.388, R ep.876, R ep.877) 

geom etric considerations (R ep.209) 
hypothetical reference circuit (R ec.356) 
interference, analysis (R ep.387) 
interference considerations (R ep.209) 
interference criteria (R ep.387, R ep.877) 
interference, design value (R ep.209) 
interference, effects (R ep.387) 
interference in FM system s (R ec.356) 
interference, long-term  (R ep.209)
interference, m axim um  allow able values (R ec.356, Rec.558, 

R ep.387)
interference, m axim um  perm issible value (R ep.209, 

R ep.876)
interference m echanism s (R ep.877) 
interference, m ethods for determ ining (R ep.388) 
interference paths (R ep.876) 
interference, short-term (R ep.209) 
interference, te lephone channel (R ec.356) 
inter-satellite service (R ep.791) 
m argin, fade (R ep.877) 
m argin, interference (R ep.382) 
m easurem ents, subjective, FM TV (R ep.449) 
m odels (R ep.209)
n oise pow er, interference (R ec.356) 
optim ization  techniques (R ep.209) 
perform ance (R ec.558) 
pow er flux-density lim its (R ep.876) 
propagation  characteristics (R ep.876) 
propagation  m odes (R ep.209)
R adio  R egulations, Article 8 (R ep.387)
R adio R egulations, A rticle 27 (R ep.791)
restrictions (R ep.876)
satellites, d igital (R ep.790)
separation distance (R ep.209)
sharing factors (R ep.209)
sharing m ethods (R ep.209)
sharing m odels (R ep.876)
space stations, geostationary orbits (R ep.387)
space stations, non-geostationary orbits (R ep.387)
system  m odels (R ep.387)
system  param eters (R ep.876)
unw anted signals (R ep.387)
I-23 G H z (R ep.387)
II - 14  and 30 G H z (R ep.790)

Frequency sharing (m obile service) (R ep.382, R ep.791) 
inter-satellite service (R ep.791) 
protection  angle (R ep.791)
R adio  R egulations, A rticle 27 (R ep.791)

Frequency sharing (F S S ) (R ec.355, R ec.356, R ec.358, R ec.359,
R ec.406, R ec.558, R ep.209, R ep.382, R ep.386, R ep.387,
R ep.388, R ep.448, R ep.449, R ep.790, R ep.793, R ep.876,
R ep.877) 

above 1 G H z (R ec.358) 
above 40 G H z (R ep.876) 
attenuation (R ep .876) 
bands above 1 G H z (R ec.356, R ec.357) 
bandw idth , reference (R ep.876) 
b eiow  15 G H z (R ep.386) 
con d ition s (R ep.876)
coord ination  area, determ ination (R ec.359) 
coord ination  area, determ ination  (1-40 G H z) (R ep.382) 
coord in ation  distance (R ep.209) 
cost factors (R ep.209) 
criteria (R ep.877)
digital radio-relay, terrestrial (R ep.877) 
digital transm issions (R ep.382)
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Frequency sharing (F S S ) (cont'd) 
energy dispersal (R ec.358, R ep.386)
equivalent isotropically  radiated pow er (e.i.r.p.) (R ep.386)
fixed  service (R ep.876)
geom etric considerations (R ep.209)
hypothetical reference circuit (R ec.356, Rec.357)
interference, analysis (R ep.387)
interference considerations (R ep.209)
interference criteria (R ep .877)
interference, design value (R ep.209)
interference, effects (R ep .387)
interference, harm ful (R ec.358)
interference, in angle-m odulated  system s (R ec.357)
interference in FM system s (R ec.356)
interference, long-term  (R ep.209)
interference, m axim um  perm issible values (R ec.356, 

Rec.357, Rec.558, R ep.209, R ep.876) 
interference, m ethods for determ ining (R ep.388) 
interference paths (R ep.876) 
interference, short-term  (R ep.209) 
interference, telephone channel (R ec.356, Rec.357) 
lim itation  o f  e.i.r.p. (R ep.209) 
lim itation  o f  pow er in to the antenna (R ep.209) 
m argin (R ep.387) 
m argin, fade (R ep.877) 
m argin, interference (R ep.382) 
m easurem ents, subjective, FM  TV (R ep.449) 
m odels (R ep.209)
noise pow er, interference (R ec.356)
optim ization  techniques (R ep.209)
param eters, orbit m ode (R ep.387)
perform ance (R ec.558)
pow er flux-density , lim its (R ep.876)
pow er flux-density , m axim um  perm issible (R ep.387) .
pow er, horizontally  radiated (R ep.386)
pow er, in any 4 kH z band (R ep.386)
propagation  characteristics (R ep.876)
propagation  m odes (R ep.209)
protection  angle (R ep.791)
rad io location , terrestrial (R ep.209)
radio-relay system s terrestrial (R ep .387, R ep.388)
radio-relay, line-of-sight (R ec.358)
radio-relay, terrestrial (R ec.406, Rec.558, R ep.209, R ep.387, 

R ep.388, R ep.790, R ep.876) 
radio-relay, trans-horizon (R ep.209) 
requirem ents (R ep.386) 
restrictions (R ep.876) 
satellites, non-geostationary (R ep.382) 
separation distance (R ep.209) 
sharing factors (R ep.209) 
sharing m ethods (R ep.209) 
sharing m odels (R ep.876) 
system  m odels (R ep.387) 
system  param eters (R ep.876) 
terrestrial radio services (R ec.355, R ep.209) 
terrestrial services (R ep.386) 
trade-offs (R ep.209)
R adio R egulations, A ppend ix  28 (R ep.382)
R adio R egulations, Article 8 (R ep.387)
I-23 G H z (R ep.387)
II - 14  and 30 G H z (R ep.790)

Frequency sharing (IS S ) (R ep.791)
fixed service (R ep.791) 
m obile  service (R ep.791) 
sharing criteria (R ep.791)

H
H ypothetical reference circuit (R ec.357, R ep.382, R ep.790) 

digital satellite (R ep.790)

I
Interference (see Frequency sharing)

Interference criteria, d igital system s (R ec.558, R ep.387,
R ep.793, R ep.877) 

bit error ratio (R ep .388)
external-to-internal noise pow er ratio (R ep .793)
long-term  (R ep.793, R ep.877)
m argin, fade (R ep.877)
m argin, interference (R ep.382)
m argin, threshold  (R ep .382)
m argins (R ep .877)
perform ance (R ec.558)
pre-dem odulation  param eters (R ep .793)
short-term (R ep.793, R ep.877)
w anted-to-unw anted  carrier ratio (R ep .793)

Interference factors (R ec.356, R ec.358, R ec.359, R ec.406,
R ec.558, R ep.382, R ep.386, R ep.387, R ep .388, R ep.448,
R ep.449, R ep.790, R ep .791, R ep .792, R ep .793, R ep.876,
R ep.877)

absorption , atm ospheric (R ep.876) 
absorption , gaseous (R ep .382) 
absorption , rain (R ep.387)
A M -to-P M  con version  (R ep.388)
angle, horizon  (R ep.382)
angle, scattering (R ep.382)
antenna, off-beam  gain  (R ep .790)
antennas, radiation diagram s (R ep .387)
antennas, spot beam  (R ep.387)
attenuation factor, water vapour (R ep .876)
attenuation, rain (R ep .387)
attenuation, rate (R ep .382)
bandw idth , channel (R ep .790)
bandw idth , receiver (R ep .790)
bandw idth , reference (R ec.359, R ep .382, R ep.387)
beam w idth , interference (R ep .393)
beam w idths (R ep.876)
bit error ratio (R ec.558, R ep.382, R ep .388,
carrier frequency separation  (R ep .388 , R ep.793)
carrier-to-interference ratio (C /I )  (R ep.388)
carrier-to-noise ratio ( C /N )  (R ep .388)
characteristics, an tenna beam s (R ep .393)
concentration , water vapour (R ep .876)
d iffraction  (R ep.393)
d irectivity, antenna (R ep .876)
d iscrim ination , p o larization  (R ep .790)
d istance, backscatter (R ep.382)
d istance, rain scatter (R ep .382)
ducting (R ep .209, R ep.382)
ducts, atm ospheric (R ep .393)
due to non-linear channel (R ep .388)
earth station, e.i.r.p. (R ec.359)
earth station  (FSS), (R ep.382)
e.i.r.p. (R ep .790, R ep.876)
equivalence factor (R ep.382)
external-to-internal n o ise  pow er ratio (R ep .793)
fading (R ep.387)
F D M /F M  telephony (R ep.382)
gain, antenna (R ec.359, R ep.387)
gain, transm itting (R ep.876)
gases, atm ospheric (R ep .382)
in clin ation , path (R ep.876)
interference, aggregate (R ep .876)
interference in-beam  (R ep.876)
interference off-beam  (R ep.876)
interference pow er, perm issible (R ep .876)
interference pow er, telep h one channel (R ec.357)
losses, transm ission  (R ep.209)
loss, m inim um  perm issible transm ission  (R ep.382)
m argin, fade (R ep.876)
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Interference factors (cont'd) 
m argin, interference (R ep.382) 
m easurem ents, subjective, FM  TV (R ep.449) 
m odu lation  (R ep.388) 
n o ise  (R ep.388)
n oise pow er, interference (R ec.356)
n o ise  tem perature, receiving system  (R ep.382, R ep.387)
oxygen  (R ep.382, R ep.876)
path length, effective propagation  (R ep .876)
peak factor (R ep.388)
percentage time (R ep.382)
p ow er flux-density  (R ep.876)
pow er, psophom etrically-w eighted  (R ec.357)

' pow er, radio-relay station (R ep.876) 
pow er spectral density (R ep.388) 
pow er, thermal n o ise  (R ep .387) 
pow er, total interference (R ep.387) 
pow er, transm itter (R ep.876) 
pre-dem odulation  param eters (R ep.793) 
probability  o f  exposure (R ep.393) 
propagation , m echanism s (R ep.382) 
radio-relay, terrestrial (R ep .388) 
rainfall, rate (R ep.876) 
receiver, noise tem perature (R ec.359) 
refraction, atm ospheric (R ep.393) 
refractive index (R ep.393) 
scatter, precipitation (R ep .876) 
scattering, hydrom eteors (R ep.382) 
sensitiv ity  (R ep .359) 
separation  distance (R ep.876) 
single-channel-per-carrier, SCPC (R ep.382) 
span length, terrestrial-radio-relay (R ep.876) 
sp ill-over (R ep.393) 
stations, rad io-relay  (R ep.382) 
tem perature inversions (R ep.209) 
threshold , digital (R ep.382) 
tilt angle (R ep.387) 
tim e percentages (R ec.359)
transm ission  levels, m axim um  allow able (R ep.790) 
transm ission  loss, m inim um  perm issible (R ep.382) 
troposphere (R ep.382) 
w anted-to-unw anted  carrier ratio (R ep.793) 
water vapour (R ep.382, R ep.876)

Interference potential (R ec.338, R ec.558, R ep .209, R ep.382, 
R ep.387, R ep.388, R ep.448, R ep.790, R ep.791, R ep.876, 
R ep.877)

pow er, radio-relay station (R ec.558) 
radio-relay, terrestrial (R ep .388)

Inter-satellite service (IS S ) (R ep.791)

Intersections, orbits/antenna beam s (see O rb it/an ten n a  beam  
in tersections)

O
O rbit/antenna beam intersections (R ep .393) 

angle, azim uth (R ep.393) 
angle, elevation  (R ep.393) 
beam w idth , interference (R ep.393) 
geom etric relations (R ep.393) 
probability  o f  exposure (R ep .393)

O rbits, types (R ep .387, Rep.393) 
circular, equatorial (R ep.393) 
circular, inclined  (R ep.393) 
circular, recurrent earth tracks (R ep.393) 
equatorial, non-geostationary (R ep.387) 
geostationary (R ep.387, R ep.393)

non-geostationary (R ep .387)  
orbit, polar (R ep.393)
u nphased  (non-recurrent earth-track) (R ep.393)

O utage period (R ep.877)

P
Path length, effective propagation (R ep.876)

Polarization discrim ination (R ep.790)

Power density (see Pow er spectral density)

Power flux-density (R ec.356, R ec.358, R ep.387, R ep.791,
Rep.876) 

angle o f  arrival (R ec.358) 
bandw idth , reference (R ec.358) 
energy dispersal (R ec.358) 
evaluation  m ethod (R ec.358)  
fixed-satellite service (R ec.358) 
lim its (R ec.358, R ep.876) 
lim its, angle dep en d en ce (R ep.387) 
lim its, frequency dep en d en ce (R ep.387) 
m axim um  (R ec.357) 
m axim um  perm issible (R ep.387)
R adio R egu lations, A rticle 28 (R ec.358)

Power spectral density (R ep .388, R ep.791, R ep.792) 
angle-m odulated  carrier (R ep.792) 
ca lcu lation  (R ep.792) 
energy dispersal (R ep.792)
FM  carrier, m ulti-channel telephony (R ep.792)
FM  carrier, telev ision  v id eo  (R ep.792) 
inter-satellite link, m axim um  (R ep.791) 
phase m odulated  carrier, m ulti-channel telep h ony

(R ep.792)
PSK  carrier, pseudo n o ise  sequence (R ep.792)
R adio R egu lations, A rticle 11, A ppend ices 3 and 4 

(R ep .792)

Pre-em phasis improvement (R ep.386)

Propagation factors (R ec.406, R ep.209, R ep.382, R ep.387,
R ep.393, R ep.448, R ep.790, R ep.791, R ep.876, Rep.877) 

absorption , atm ospheric (R ep.876) 
absorption , atm ospheric gases (R ep.791) 
absorption , gaseous (R ep.382) 
absorption , rain (R ep .387) 
absorption , water vapour (R ep.791) 
angle, scattering (R ep.382) 

a n om alou s propagation  (R ep.877) 
atm osphere, hypothetical (R ep.393) 
attenuation, atm ospheric (R ep.791) 
attenuation  factor, w ater vapour (R ep.876) 
attenuation, rain (R ep .387) 
attenuation, rate (R ep .382) 
concentration , water vapour (R ep.876) 
diffraction  (R ep.393) 
ducting (R ep.209, R ep.382) 
ducts, atm ospheric (R ep.393) 
earth stations (FSS) (R ep .382) 
fading (R ep.387)
free-space propagation  loss (R ep.791) 
gases, atm ospheric (R ep .382) 
m argin, fade (R ep.876) 
m eteorological loss (R ep .791)  
oxygen  (R ep.382)
path length, effective p ropagation  (R ep.876) 
path loss (R ep.791) 
rain scatter (R ep .382)
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Propagation factors (co n t’d) 
rainfall, rate (R ep.876) 
refraction (R ep.393)
refraction, atm ospheric (R ec.406, R ep.393) 
refractive index (R ep.393) 
scatter, precipitation (R ep.876) 
scattering, hydrom eteors (R ep.382) 
separation d istance (R ep.876)
span length, terrestrial radio-relay system s (R ep.876)
stations, radio-relay (R ep.382)
tem perature inversions (R ep.209)
troposphere (R ep.382)
tropospheric scatter (R ep.382)
water vapour, atm ospheric (R ep.382)

Protection (see Frequency sharing)

R
Radioastronomy service (R ep.792) 

pow er spectral density , m axim um  (R ep.792)

Radio-clim atic zones (defn) (R ep.382)

R adio-relay, digital (R ep.387, R ep.877) 
an om alou s propagation  (R ep .877)  
availab ility  (R ep.877) 
bandw idth , reference (R ep.387) 
bit error ratio (B E R ) (R ep.388, R ep.877)
C /N ,  critical (R ep.877)
C /N  degradation (R ep.877) 
digital signals (R ep.387) 
interference (R ep.877)
interference, am plitude d istribution (R ep.877) 
interference, statistical description  (R ep .877) 
lon g-term  (R ep.877) 
m argin, fade (R ep.877) 
m argins (R ep.877)
m isfram ing, channel bands (R ep .877)
m isfram ing, d igital m ultip lex (R ep.877)
noise (R ep.388)
noise, baseband (R ep.877)
noise, receiver therm al (R ep.877)
outage period (R ep.877)
pow er, interference (R ep.877)
pow er spectral density , m axim um  (R ep.792)
pow er, thermal n o ise  (R ep.387)
pow er, total interference (R ep.387)
propagation  con d ition s (R ep.877)
sharing criteria (R ep .877)
telephony, 8 bit PCM  (R ep.877)

Radio-relay stations (see Stations, rad io-relay)

Rain-clim atic zones (R ep .382)

S
S ate llite  (see Space stations)

S ate llite  system s, digital (see D igital satellite system s)

Separation distance (R ep.876) 
calcu lation  m ethods (R ep.876) 
m axim um  (R ep.876) 
m inim um  (R ep.876) 
precise results (R ep .876)

Sharing (see Frequency sharing)

Single-channel-per-carrier (S C P C ) (R ep.382) 
dem and-assigned  (R ep.382) 
pre-assigned (R ep.382)

S ite  shielding (R ep .386)

Space stations (F S S ) (R ep .386, R ep.387, R ep.388, R ep.393, 
R ep.448, R ep.790, R ep.792, R ep.793, R ep.876) 

am plitude-m odulation , single-sideband  (R ep.386) 
angle, azim uth (R ep.793) 
antenna, off-beam  gain  (R ep .790) 
antenna, receive gain  (R ep.386) 
antennas, receive (R ep .790) 
antennas, spot beam  (R ep.387) 
bandw idth , channel b (R ep.386)  
beam w idth, receiving antenna (R ep.790)  
beam w idths (R ep.876) 
directivity, antenna (R ep.876) 
e.i.r.p. (R ep.876) 
elevation , angle (R ep.793) 
frequency m odulation  (R ep .386) 
interference criteria, d igital system s (R ep.793) 
interference, direct (R ep .790)  
interference, effects (R ep.387)  
interference, indirect (R ep.790) 
interference, m ethods for determ ining (R ep.388) 
lim its (R ep.387) 
m argin, transm ission  (R ep .386) 
noise tem perature (R ep .386, R ep.790) 
param eters, orbit m odels (R ep .387)  
pow er flux-density  (R ep .876)
pow er flux-density , m axim um  perm issible (R ep .387)  
pow er spectral density , m axim um  (R ep.792) 
pow er, total signal (R ep.386) 
pre-em phasis im provem ent (R ep. 386) 
radio-relay (R ep.876)
sign al-to -n o ise pow er ratio, S /N  (R ep.386) 
tilt angle (R ep .387)

Space stations (IS S ) (R ep.791)  
gain , antenna (R ep.791) 
iso lation  from  terrestrial stations (R ep.791)  
pow er flux-density  (R ep .791)  
pow er spectral density , interference (R ep.791)  
protection angle (R ep .791)

Spectral power density, transm itter (R ep.791)

Spill-over (R ep.393)

Stations, m obile (R ep .382, R ep.791)

Stations, radio-relay (R ec.359, R ec.406, R ep.382, R ep.387, 
R ep.388, R ep.393, R ep.448, R ep.790, R ep.791, R ep.876) 

antenna, radiation d iagram s (R ep.387) 
antenna, respective gain  (R ep .791) 
bandw idth (R ep.876) 
bandw idth, channel (R ep.790) 
bandw idth , reference (R ep .382, R ep.387) 
carrier-to-interference ratio (C /I )  (R ep .388) 
characteristics, an tenna beam s (R ep.393)
C /N  (R ep.876)
contour, auxiliary (R ep.382)
contour, coord in ation  (R ep.382)
contour, d istance (R ep.382)
contour, rain-scatter coord in ation  (R ep .382)
design objectives (R ec.357)
diam eter, transm itting antenna (R ep.876)
digital signals (R ep .387)
d iscrim ination , p olarization  (R ep .790)
d istance, coord in ation  (R ep.382)
e.i.r.p. (R ep .790 , R ep.876)
equivalent isotrop ica lly  radiated pow er (R ep .382)

Site diversity (R ep .382)
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Stations, radio-relay (cont'd) 
equ ivalent isotrop ically  radiated pow er, m axim um  

(R ec.406) 
feeder loss (R ep.876)
gain , antenna (R ep.387, R ep.393, R ep.876)
ga in , receiving antenna (R ep.382)
gain , transm itting antenna (R ep.382)
half-p ow er beam -w idth (R ep.393)
interference, analysis (R ep.387)
interference, criteria (R ep.387)
interference, effects (R ep.387)
interference, m axim um  allow ab le (R ep.387)
interference, m ethods for determ ining (R ep .388)
interference pow er, perm issible (R ep.876)
interference, sensitivity (R ep.387)
losses, feeder (R ep.387)
loss, transm ission  (R ep.382)
m argin, interference (R ep.382)
m argin, threshold (R ep.382)
m odels (R ep.387)
m odu lation  (R ep .388, R ep.876)
m od u lation , d igital (R ep.387)
noise  figure (R ep.876)
n o ise  tem perature, receiving system  (R ep.382, R ep.387)
param eters, coord ination  (R ep.382)
passive reflectors (R ep.393)
path inclin ation , antenna beam  (R ep.393)
perform ance criteria (R ep.382)
pow er flu x -d en sity  (R ep.876)
pow er, output (R ep.876)
pow er, thermal noise (R ep.387)
pow er, total interference (R ep.387)
protection  (R ep.387)
radiation , direction o f  m axim um  (R ec.406) 
sensitiv ity  factor (R ep.382) 
spectral pow er density, transm itter (R ep.791) 
sp ill-over (R ep.393)

threshold , digital (R ep .382)
transm ission  levels, m axim um  allow able (R ep.790) 
unw anted  signals (R ep.387)

T
Temperature inversions (R ep.209)

T ilt angle (R ep.387)

Transm ission types (R ec.406, R ec.558, R ep.382, R ep.386,
R ep.388, R ep.790, R ep.877) 

am plitude-m odulation , sin g le-sid eb an d  (R ep.386)
A M  telep h ony (R ep.388)
d ifferentia lly  en cod ed  quaternary PSK  (D E Q P SK ) 

(R ep .793) 
digital FSK  (R ep.388) 
digital PSK  (R ep.388)
F D M /F M  telephony (R ep.382, R ep.388)
FM  telev ision  (R ep.388) 
frequency m odulation  (R ep.386) 
frequency-m odulation  telev ision  (R ep.449) 
m odu lation , digital (R ep .876)
N T SC  colour telev ision  (R ep.449)
PCM  telep h ony  (R ep.382)
phase-sh ift-keying, coherent detection (C PSK ) (R ep.388) 
p hase-sh ift-keying, d ifferential detection  (D P S K ) (R ep.388)  
single-channel-per-carrier, SCPC (R ep.382, R ep.388) 
te lep h ony, PCM  (R ep.790) 
te lep h ony, 8-bit PCM  (R ec.406, R ep.877) 
tim e-d iv ision  m ultip le access (T D M A ) (R ep.388)
4 P hase-PSK  (R ep.790)

Tropospheric scatter (R ep.382)

Z
Z ones, radio-clim atic (see R ad io-c lim atic zones)
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