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REPORT  ITU-R  P.2345-3 

Propagation model for IF77 

(2015-2016-2020-2025) 

Scope 

This Report describes the IF77 propagation model, as described by Gierhart and Johnson [1]. The IF77 model 

predicts the basic transmission loss in the frequency range 125 MHz – 20 GHz for aeronautical and satellite 

services. While the propagation model in Recommendation ITU-R P.528-5, et seq. also predicts the basic 

transmission loss for aeronautical and satellite services, the propagation model in Recommendation ITU-R 

P.528-5, et seq. is different than IF77; for example, the propagation model in Recommendation ITU-R P.528-5, 

et seq. assumes a smooth earth and does not consider inter alia precipitation and scintillation fading. The basic 

underlying methods presented in this Report, however, are informative in understanding Recommendation 

ITU-R P.528-5, et seq. 
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1 Introduction 

In the present time of frequency spectrum scarcity, sharing frequency bands has become ubiquitous 

in all aspects of wireless usage. The key to sharing frequency bands is performing good frequency 

sharing studies and the key to performing good frequency sharing studies is to use the appropriate 

propagation method. 

While aeronautical and satellite links have many similar characteristics to terrestrial communication 

links, there are some additional characteristics of the aeronautical/satellite wireless channel not 

covered in propagation prediction methods for terrestrial systems. The IF77 propagation model has 

been used successfully for several years for propagation prediction of aeronautical and satellite links. 

The organization of this Report is as follows. Section 2 covers the method description and includes 

calculations for the major outputs of the method. Horizon geometry is defined in §§ 3 and 4. 

Sections 5, 6 and 7 cover the diffraction region, the line-of-sight (LoS) region and the scatter region 

respectively. The diffraction region appears first since parameters described in that section define 

region boundaries. The rest of the sections cover terrain attenuation (§ 8), free space loss (§ 9), 

atmospheric absorption (§ 10) and variability (§ 11). This material is based on three reports [1], [2], 

[3] produced by the Institute for Telecommunication Sciences, ITS. 

2 Method description 

IF77 calculates propagation parameters for ground-ground, ground-air, ground-satellite, air-air and 

air-satellite links. Calculations of these links also cover air-ground, satellite-ground, air-air 

(where the higher antenna is the transmitting antenna) and satellite-air by reciprocity. This method 

always defines the lower antenna as the transmitting antenna designated as antenna 1 and all the 

parameters associated with antenna 1 have a designation of 1.The higher antenna with its associated 

parameters have the designation 2. Several parameters have multiple designations separated by a 

comma (i.e. h1, 2 or GET.R). This applies to multiple parameters (h1 and h2 or GET and GER). Equations 

with this type of parameter represent multiple equations, one for each number designation. 

This method is a propagation prediction method for aeronautical and satellite links. There are 

restrictions on this model. It covers the frequency range of 0.1 to 20 GHz for antenna heights greater 

than 0.5 m. The radio horizon of the higher antenna, antenna 2, has a lower elevation than the higher 

antenna. It is, also, either common with the horizon of the lower antenna or is a smooth earth horizon 

with the same elevation as the effective reflective plane of the lower antenna. 

Attenuation verses distance calculated for this model for three regions, LoS, diffraction, and 

scattering includes transition regions where the parameters are blended together. This method 

includes allowances for: 

• average ray bending; 

• horizon effects; 

• long-term power fading; 

• antenna pattern (elevation only) at each terminal; 

• surface reflection multipath; 

• tropospheric multipath; 

• atmospheric absorption; 

• ionospheric scintillation; 

• rain attenuation; 

• sea state; 

• a divergence factor; 
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• very high antennas; 

• antenna tracking options. 

IF77 addresses all these elements to provide a tool for frequency planning and sharing studies. 

The IF77 propagation model uses a combination of theoretical and empirical techniques to calculate 

the transmission loss of a defined system. The outputs of this method include transmission loss, power 

availability, power density and a desired-to-undesired ratio. 

This section will present the equations to calculate the various outputs. The processes to calculate the 

parameters in these equations follow in the later sections. 

2.1 Transmission loss 

Transmission loss is the ratio of power radiated to power available at the receiving antenna. 

This loss does not include circuit losses of the receiving system other than the radiation resistance of 

the receiving antenna. The calculation for transmission loss, L(q), not exceeded during a fraction of 

time q is: 

  𝐿(𝑞) =  𝐿𝑏(0.5) + 𝐿𝑔𝑝 − 𝐺𝐸𝑇 − 𝐺𝐸𝑅 − 𝑌Σ(𝑞)       dB (1) 

Lb (0.5) is the median basic transmission loss and Lgp is the path antenna gain loss. Lgp is zero for this 

method which is valid when (a) the transmitting and receiving antennas have the same polarization 

which is true by definition in this method and (b) the maximum antenna gain is less than 50 dB. The 

values GET and GER are the free space antenna gains for the transmitting and receiving antennas 

respectively and Y∑(q) is the total variability of the channel. The median basic transmission loss 

calculation is: 

  𝐿𝑏(0.5) =  𝐿𝑏𝑟 + 𝐴𝑌 + 𝐴𝑎     dB (2) 

The value Lbr is a reference level for the basic transmission loss and Aa is loss due to atmospheric 

absorption. AY is a conditional adjustment factor to prevent available signal powers from exceeding 

expected free space by an unrealistic amount. This condition can occur when the variability, Y(q) is 

large and the median basic transmission loss is near the free space level. 

The reference for basic transmission loss, Lbr, comes from the free space basic transmission loss, Lbf, 

from (206), the terrain attenuation, AT, from (205), and a variability adjustment term, Ve (0.5), from 

(231).  

  𝐿𝑏𝑟 = 𝐿𝑏𝑓 + 𝐴𝑇 − 𝑉𝑒(0.5)         dB (3) 

The free space antenna gains, GET,R, are calculated from: 

  𝐺𝐸𝑇,𝑅 = 𝐺𝑇,𝑅 + 𝐺𝑁𝑇,𝑅     dBi (4) 

GT,R are the main beam maximum free space antenna gains for the transmitting and the receiving 

antennas respectively. GNT,R give the relative gain for a defined elevation angle for the transmitting 

and the receiving antennas respectively. These parameters are inputs to the model. 

The variability term from (1), Y(q), includes long term power fading, surface reflection multipath, 

tropospheric multipath, rain attenuation and ionospheric scintillation. The discussion for these terms 

is in § 11. The median value for Y∑ (q = 0.5) is equal to zero since the median value of basic 

transmission loss, Lb(0.5), contains the adjustment terms for long term fading. 

Figure 1 shows the flow diagram for calculating the transmission loss, L(q). Calculations for the 

horizon parameters and the diffraction region parameters are at the top of the flow since those 

parameters are needed to define the region boundaries. 



 Rep.  ITU-R  P.2345-3 5 

 

FIGURE 1 

Computational flow diagram for transmission loss 

Calculate Horizon Parameters

Calculate Diffraction Region Parameters

Calculate Terrain Attenuation, AT

Calculate Basic Transmission Loss for Free Space, Lbf

Calculate Variability Adjustment Term, Ve(0.5)

Calculate Reference Basic Transmission Loss, 
Lbr = Lbf + AT - Ve(0.5)

Calculate Conditional Adjustment Factor, AY

Calculate Atmospheric Absorption, Aa

Calculate Median Basic Transmission Loss, Lb(0.5) = Lbr + 
AY + Aa

Determine GET and GER from Input Data on Main-Beam 
Gains (GT,R) and Normalized Antenna Patterns (GNT,R), 

GET,R = GT,R + GNT,R

Calculate Total Variability, YΣ(q)

Calculate Transmission Loss, 
L(q) = Lb(0.5) - GET - GER - YΣ(q)
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2.2 Power available 

Power available is the power available at the terminals of the receiving antenna under matched 

conditions with losses in the receiving system neglected. Power available levels exceeded for a 

fraction of time q, Pa (q), is calculated by: 

  𝑃𝑎 (𝑞) = 𝑃𝐸𝐼𝑅𝑃 + 𝐺𝑅 + 𝐺𝑁𝑇 + 𝐺𝑁𝑅 − 𝐿𝑏(0.5) + 𝑌Σ (𝑞)      dBW (5) 

where: 

  𝑃𝐸𝐼𝑅𝑃 = 𝑃𝑇𝑅 + 𝐺𝑇     dBW (6) 

𝑃𝐸𝐼𝑅𝑃 is the equivalent isotropically radiated power. PTR is the total power radiated by the transmitting 

antenna referenced to 1 W. GT,R are the maximum gains of the transmitting and receiving antennas 

respectively as discussed in § 2.1 and GNT,R are the gains from (4). The variability, Y∑ (q), was 

discussed in § 2.1 and is calculated in (219). The relative gains GNT and GNR allow for directivity 

when the antennas are not pointed at each other.  

2.3 Power density 

The power density, SR (q), in decibels relative to 1 watt per square metre exceeded for the fraction of 

time q uses parameters discussed in §§ 2.1 and 2.2 and the effective area, AI, of an isotropic antenna. 

  𝑆𝑅 (𝑞) = 𝑃𝐸𝐼𝑅𝑃 + 𝐺𝑁𝑇 − 𝐿𝑏 (0.5) + 𝑌Σ (𝑞) − 𝐴𝐼   dBW sq m⁄  (7) 

AI is calculated by: 

  𝐴𝐼 = 10 log10 (
λ𝑚
2

4π
)      dB sq m (8) 

where λ𝑚 is the wavelength in metres for the defined frequency in MHz. 

  λ𝑚 = 
299.7925

𝑓
       m (9) 

2.4 Desired-to-undesired signal ratio 

Desired-to-undesired signal ratios available for a fraction of time q, D/U (q), at the terminals of 

a lossless receiving antenna are calculated by: 

  𝐷 𝑈⁄  (𝑞) =  𝐷 𝑈⁄  (0.5) + 𝑌𝐷𝑈 (𝑞)        dB (10) 

where  

  𝐷 𝑈⁄  (0.5) =  [𝑃𝑎  (0.5)]𝐷𝑒𝑠𝑖𝑟𝑒𝑑 −  [𝑃𝑎  (0.5)]𝑈𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑   dB (11) 

and 

  𝑌𝐷𝑈 (𝑞) =  ± √[𝑌Σ(𝑞)]𝐷𝑒𝑠𝑖𝑟𝑒𝑑
2 + [𝑌Σ(1 −  𝑞)]𝑈𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑

2       dB (12) 

– for q ≥ 0.5 

+ otherwise 

Use (5) to calculate Pa (0.5) for both desired and undesired signals with parameters for desired and 

undesired signals respectively and with Y∑ (0.5) = 0. 
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3 Horizon geometry 

Horizons for both terminals are calculated from the input parameters used to determine the lower 

terminal horizon. The higher terminal horizon is either considered to be the same as the lower terminal 

horizon or as a smooth earth when the lower terminal is shadowed by the smooth earth from the 

higher terminal. 

3.1 Effective earth radius 

To calculate the effective earth radius, a, adjust the actual earth radius, a0, with the surface refractivity 

associated with the effective reflecting surface. Starting with the monthly mean surface refractivity, 

N0, calculate the surface refractivity, Ns, for the reflecting surface height, hr. 

  𝑁𝑠 = 𝑔𝑟𝑒𝑎𝑡𝑒𝑟 𝑜𝑓 {
𝑁0 exp(− 0.1057 ℎ𝑟)

or
200

           𝑁 − units (13) 

Using a0 = 6 370 km, calculate the effective earth radius. 

  𝑎 =  𝑎0 [1 −  0.04665 exp (0.005577 𝑁𝑠)]
−1      km (14) 

FIGURE 2 

Sea level surface refractivity from Recommendation ITU-R P.453-10 

 

Both N0 and hr are input parameters. Figure 2 shows the sea level surface refractivity. 
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4 High antenna height 

For high antennas (> 3 km), the effective earth radius can overestimate the amount of ray bending. 

A solution for this is to calculate ray tracing through an exponential atmosphere. The refractivity 

varies with the height above mean sea level, h, as: 

  𝑁 =  𝑁𝑠 exp [− log𝑒 (
𝑁𝑠

𝑁𝑠+ ∆𝑁
) (ℎ − ℎ𝑟)]          𝑁 − units (15) 

where h and hr are input parameters, Ns is calculated in (13) and 

  ∆𝑁 =  −7.32 exp (0.005577 𝑁𝑠)    𝑁 − units/km (16) 

The ray tracing algorithm calculates the change in the ray through a horizontally stratified atmosphere 

with layer heights above hr of 0.01, 0.02, 0.05, 0.1, 0.2, 0.305, 0.5, 0.7, 1, 1.524, 2, 3.048, 5, 7, 10, 

20, 30.48, 50, 70, 90, 110, 225, 350 and 475 km. Above 475 km, the rays are assumed to be straight 

relative to the true earth radius a0. The ray tracing algorithm is in Attachment 1. 

4.1 Smooth earth horizons 

Antenna heights input to the method have relationships as shown in Fig. 3. Antenna heights above 

the effective reflection surface are calculated by: 

  ℎ𝑟1 = ℎ𝑠𝑙 + ℎ𝑠𝑚𝑙 − ℎ𝑟     km (17) 

  ℎ1,2 = ℎ𝑟1,2 + ℎ𝑟             km (18) 

Antenna heights h1,2 are the heights above mean sea level for antennas 1 and 2 and hr1,2 are the antenna 

heights above the reflective surface for antennas 1 and 2 respectively. The height of antenna 1 above 

a counterpoise or ground plane, if present, is calculated by: 

  ℎ𝑓𝑐 = ℎ𝑠𝑙 − ℎ𝑐       km (19) 
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FIGURE 3 

Input antenna heights and surface elevations 

Mean sea level (msl)

Effective reflection surface elevation above msl

Facility site service (fss) elevation above msl

Facility antenna counterpoise above fss

Facility antenna height above fss

Aircraft altitude above msl

hr

hsml

hc

hfc

hsl

h1

h2

Note that aircraft altitude is elevation above msl while the facility antenna height is 
measured with respect to fss.

Valid Input Constraints
    hr           km
    hsml       km
0.0005 km < hsl

h1   h2
 

For those scenarios where the effective earth geometry overestimates ray bending, effective antenna 

heights, he1,2 become heights that produce the smooth earth horizon distances from each terminal, 

dLsR1,2, calculated with the ray tracing algorithm. Figure 4 shows that the effective heights are lower 

than the actual heights. When determining the smooth earth distances, the initial take-off angle is 0° 

and the surface refractivity, Ns, is calculated from N0 in (13). After determining the smooth earth 

distances, dLsR1,2, use those values and from (14) to calculate the differences in the actual antenna 

heights and the effective antenna heights, ∆he1,2, as follows: 

  θ𝑠𝑅1,2 = 
𝑑𝐿𝑠𝑅1,2

𝑎
    rad (20) 

  ℎ𝑒1,2 = 𝑙𝑒𝑠𝑠𝑒𝑟 𝑜𝑓 

{
 

 
ℎ𝑟1,2
or

{
0.5 𝑑𝐿𝑠𝑅1,2

2 𝑎⁄    if  θ𝑠𝑅1,2  ≤ 0.1 rad

𝑎[sec(θ𝑠𝑅1,2) − 1]           otherwise

      km (21) 

  ∆ℎ𝑒1,2 = ℎ𝑟1,2 − ℎ𝑒1,2       km (22) 
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FIGURE 4 

Effective height geometry 

Not drawn 
to scale

Horizon 
ray

a
θsR1 θsR2 

dLsR2 

Note that θsR1 is a negative ray 
elevation angle and a positive 

central angle.

hr

dLsR1 

θesR1 

-θsR1 

 

The final smooth earth distances, dLs1,2, are either the values determined by ray tracing, dLsR1,2, 

with high antennas or the values calculated by effective earth geometry, dLsE1,2: 

  𝑑𝐿𝑠𝐸1,2 = √2𝑎 ℎ𝑒1,2    km (23) 

  𝑑𝐿𝑠1,2 = {
𝑑𝐿𝑠𝑅1,2  if ∆ℎ𝑒1,2  > 0

𝑑𝐿𝑠𝐸1,2       otherwise
   km (24) 

  𝑑𝐿𝑠 = 𝑑𝐿𝑠1 + 𝑑𝐿𝑠2   km (25) 

The ray elevation angles, θes1,2, become either the ray elevation angles from ray tracing, θesR1,2, 

for high antennas or the negative of the ray elevation angles calculated with the final smooth earth 

distances, θs1,2: 

  θ𝑠1,2 = 
𝑑𝐿𝑠1,2

𝑎
        rad (26) 

  θ𝑒𝑠1.2 = {
θ𝑒𝑠𝑅1,2   if ∆ℎ𝑒1,2  > 0

−θ𝑠1,2        otherwise
    rad (27) 

4.2 Facility radio horizon 

There are four sets of parameters that can produce the horizon for the lower or facility antenna. These 

parameters are: a) any two horizon parameters (distance, elevation or elevation angle); b) any one 

horizon parameter and the terrain parameter ∆h; c) ∆h alone; or d) smooth earth parameters. Figure 5 

shows the facility horizon geometry.  

For case (a) where at least two horizon parameters are specified, the horizon parameters for distance, 

dLE1, horizon elevation, hLE1, and horizon elevation angle, θeE1, are related by: 
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 𝑑𝐿𝐸1 = ± √2𝑎(ℎ𝐿𝐸1 − ℎ1) + 𝑎2 tan2θ𝑒𝐸1 − 𝑎 tan θ𝑒𝐸1         km (28) 

  ℎ𝐿𝐸1 = ℎ1 + 
𝑑𝐿𝐸1
2

2𝑎
+ 𝑑𝐿𝐸1 tan θ𝑒𝐸1           km (29) 

  θ𝑒𝐸1 = tan
−1 (

ℎ𝐿𝐸1− ℎ1

𝑑𝐿𝐸1
− 

𝑑𝐿𝐸1

2𝑎
)        rad (30) 

where a is from (14). The choice of the ± in (28) should produce the smallest positive value for hLE1 

in (29). 

FIGURE 5 

Facility radio horizon geometry 

dLE1

dLR2

Facility
horizontal

θeE1

hLE1

hr

msl

Effective reflecting 
surface

θL
h2

he2h1

dML

a = a-hr

Not drawn 
to scale

Note: Effective earth (straight ray) geometry is 
illustrated for the facility using a dotted ray. The 
solid ray illustrates that the horizon ray obtained 
by ray tracing from the facility horizon to the 
aircraft yields a smaller distance than would be 
obtained with effective earth geometry.

 

Note to Fig. 5: Effective earth (straight ray) geometry is illustrated for the facility using a dotted ray. The solid 

ray illustrates that the horizon ray obtained by ray tracing from the facility horizon to the aircraft yields a 

smaller distance than would be obtained with effective earth geometry. 

One can use the terrain parameter ∆h which is an input parameter and dLs1 from (24) to estimate dLE1 

and θeE1 when those horizon parameters are not specified. When using he here, use 0.005 km if he 

falls below that number. 

  𝑑ℎ = 𝑑𝐿𝑠1 exp(−0.07 √∆ℎ ℎ𝑒⁄ )         km (31) 

  𝑑𝐿𝐸1 = {

0.1 𝑑𝐿𝑠1 if 𝑑ℎ  < 0.1 𝑑𝐿𝑠1
3 𝑑𝐿𝑠1        if 𝑑ℎ  > 3 𝑑𝐿𝑠1
𝑑ℎ                     otherwise

              km (32) 
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  θ𝑒𝐸1 = lesser of {

0.5

𝑑𝐿𝑠1
 [1.3 ∆ℎ (

𝑑𝐿𝑠1

𝑑𝐿𝐸1
− 1) − 4 ℎ𝑒1]

or                                               
0.2094                                                

      rad (33) 

where dLs1 is from (24). 

In the case of high antennas, however, the accurate calculation of more than one horizon parameter 

is dependent on ray tracing results. Figure 6 shows the full logic flow diagram for calculating the 

parameters for the lower or facility horizon. The full method for calculating horizon parameters is: 

1 Calculate the horizon parameters using equations (28) through (33), but consider the values 

to be initial values. 

2 Use h1 from equation (18) and he1 from equation (21) to test the values from step 1.  

  ℎ𝑒1  > 3 km   and   (
θ𝑒𝐸1 >0 and ℎ1 > ℎ𝐿𝐸1

or
θ𝑒𝐸1 ≤0 and ℎ1 < ℎ𝐿𝐸1

)   (34) 

 When these conditions are true, set the parameters as in Fig. 5 for smooth earth. Otherwise 

keep the parameter values in step 1. 

3 When the test conditions in step 2 are false, use the following values: 

  𝑑𝐿1 = {
 𝑑𝐿𝐸1                    if  ∆ℎ𝑒1  = 0
use ray tracing otherwise

           km (35) 

  ℎ𝐿1 = ℎ𝐿𝐸1      km (36) 

  ℎ𝐿𝑟1 = ℎ𝐿1 − ℎ𝑟       km (37) 

  θ𝑒1 = { 
θ𝑒𝐸1                      if ∆ℎ𝑒1 = 0
use ray tracing otherwise   

            rad (38) 

For ray tracing in (35) and (38), start at the horizon elevation, hLr1, with a take-off angle of –θL. 

  θ𝐿 = θ𝑒𝐸1 + 
𝑑𝐿𝐸1

𝑎
     rad (39) 
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FIGURE 6  

Logic flow to calculate facility horizon parameters 
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Continue through the ray tracing algorithm until the lower antenna height, hr1, is reached. Then the 

negative of the arrival angle is θe1 and the great circle distance traversed by the ray is dL1. 
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The great circle distance from hLE1 to the aircraft altitude h2, dLR2, is calculated via ray tracing using 

a take-off angle of θL at hLE1. The maximum LoS distance, dML, is calculated by: 

  𝑑𝑀𝐿 = {

𝑑𝐿𝑠1 + 𝑑𝐿𝑠2                                        for smooth earth

𝑎 [cos−1 (
(𝑎+ ℎ𝑒1) cosθ𝑒1

(𝑎+ ℎ𝑒2)
) − θ𝑒1]               if ∆ℎ𝑒2 = 0

𝑑𝐿1 + 𝑑𝐿𝑅2                                                        otherwise

               km (40) 

4.3 Higher antenna (aircraft or satellite) horizon 

In the IF77 the higher antenna horizon is defined as either a common horizon with the lower antenna 

horizon (as in an obstacle horizon) or as a smooth earth horizon. Figure 7 shows the geometry for 

calculating the great circle distance from the horizon to the higher antenna. 

Using the great circle distance between the lower and the higher antennas, d, which is an input 

parameter, the great circle horizon distance for the higher antenna, dL2, is calculated by: 

  𝑑𝑠𝐿 = √2𝑎 ℎ𝐿𝑟1    km (41) 

  𝑑𝐿𝑀 = 𝑑𝐿1 + 𝑑𝑠𝐿 + 𝑑𝐿𝑠2      km (42) 

  𝑑𝐿2 = {
𝑑 − 𝑑𝐿1     if  𝑑𝑀𝐿  ≤ 𝑑 ≤  𝑑𝐿𝑀
𝑑𝐿𝑠2                               otherwise

           km (43) 

The value hLr1 is the height of the obstacle horizon for the lower antenna and dsL is the smooth earth 

horizon distance for the obstacle. The value a, is from (14), dL1 is from (35) and dLs2 is from (24).  

The horizon height for the higher antenna, hL2, is the obstacle height of the lower antenna from the 

reflecting surface or the smooth earth horizon height. 

  ℎ𝐿𝑟2 = {
ℎ𝐿𝑟1    𝑖𝑓 𝑑𝑀𝐿  < 𝑑 <  𝑑𝐿𝑀
0                          otherwise

       km (44) 

  ℎ𝐿2 = ℎ𝐿𝑟2 + ℎ𝑟      km (45) 

where hr is the surface reflection height which is an input parameter. The horizon ray elevation angle 

is relative to the horizontal at the higher antenna where the angle is positive if it is above the 

horizontal. 

  θ𝑒2 = tan
−1 (

ℎ𝐿𝑟2− ℎ𝑒2

𝑑𝐿2
− 

𝑑𝐿2

2𝑎
)           rad (46) 
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FIGURE 7 

Geometry for the higher antenna radio horizon 
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5 Diffraction region 

The IF77 method assumes that diffraction attenuation, Ad, is linear with distance when other 

parameters are fixed. To establish the linear relationship, the method determines a diffraction value 

at two distances. The first distance, dML, is the maximum LoS distance and the second distance, dA, is 

the shortest beyond-the-horizon distance defined by the facility horizon obstacle and the smooth earth 

horizon for the receiving antenna. Figure 8 shows the geometry of the paths. Values for both smooth 

earth diffraction and knife-edge diffraction in each case are calculated and then combined. The first 

two sections discuss rounded earth diffraction and knife-edge diffraction respectively. The third 

section shows how to combine the two diffraction pieces. 

5.1 Rounded earth diffraction 

The two paths used in the case of rounded earth diffraction are path F-O-ML and path O-A from 

Fig. 8. 

The following set of equations produce straight-line attenuation values versus distance. 

  ℎ𝑒𝑝1 = {
ℎ𝑒1  for path F − O −ML
ℎ𝐿𝑟1            for path O − A

        km  (47) 

where he1 is from (21) and hLr1 is from (37). The height hep2 equals he2 from (21) for both paths. 
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FIGURE 8 

Paths used to determine diffraction attenuation 
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  𝑑𝐿𝑝1 = {
𝑑𝐿1                      for path F − O −ML
 𝑑𝐿𝑂1 = 𝑑𝑠𝐿                  for  path O − A 

        km (48) 

  𝑑𝐿𝑝2 = {
𝑑𝑀𝐿 − 𝑑𝐿1         for path F − O −ML
𝑑𝐿𝑂2 =  𝑑𝐿𝑠2                for path O − A

         km (49) 

The parameters for these equations include dL1 from (35), dsL from (41), dML from (40) and dLs2 from 

(24). The path parameters for rounded earth diffraction are the attenuation line intercept (Ap), the 

attenuation path slope (Mp) and the height gain function (Gɦp1,2). For the following equations, the 

values for the F-O-ML path, AF, MF, and GɦF1,2, will equal Ap, Mp and Gɦ1,2 respectively using hep1 

from (47), hep2 equal to he2 from (21) and dLp1,2 values for the F-O-ML path as determined in (48) and 

(49). The values for the O-A path, AA, MA and GɦA1,2 will equal Ap, Mp and Gɦ1,2 respectively using 

hep1 from (47), hep2 equal to he2 from (21) and dLp1,2 values for the O-A path as determined in (48) and 

(49). 

Constants for the equations are the effective earth radius (a from (14)), the frequency (f in MHz), 

the conductivity for the type of surface (σ from Table 1) and the dielectric constant (ε from Table 1). 
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TABLE 1 

Surface types and constants [4] 

Type Conductivity (mhos/m) Dielectric Constant 

Poor ground 0.001 4 

Average ground 0.005 15 

Good ground 0.02 25 

Sea water 5* 81* 

Fresh water 0.01* 81* 

Concrete 0.01 5 

Metal 107 10 

* More appropriate values are calculated if surface sea temperature is specified. 
 

  θ3 = 0.5 (𝑎 𝑓)−
1
3⁄    rad (50) 

  θ4 = 3θ3        rad (51) 

  𝑑𝐿𝑝 = 𝑑𝐿𝑝1 + 𝑑𝐿𝑝2     km (52) 

  𝑑3 = 𝑑𝐿𝑝 + 𝑎θ3         km (53) 

  𝑑4 = 𝑑𝐿𝑝 + 𝑎θ4         km (54) 

  𝑎1,2 = 
𝑑𝐿𝑝1,2
2

2ℎ𝑒𝑝1,2
       km (55) 

  𝑎3,4 = 
(𝑑3,4− 𝑑𝐿𝑃)

θ3,4
   km (56) 

  𝐾𝑑1,2,3,4 = 0.36278 (𝑓𝑎1,2,3,4)
−1 3⁄  [(ε − 1)2 + (18 000σ 𝑓⁄ )2]−

1
4⁄    (57) 

  𝐾1,2,3,4 = {
𝐾𝑑1,2,3,4                                                      for horizontal polarization 

𝐾𝑑1,2,3,4 [ε
2 + (18 000σ 𝑓⁄ )2]

1
2⁄             for vertical polarization

 (58) 

  𝐾𝐹1,2 = lesser 𝑜𝑓 𝐾1,2 or 0.99999 (59) 

  𝐵1,2,3,4 = 416.4 𝑓
1
3⁄  (1.607 − 𝐾1,2,3,4) (60) 

  𝑋1,2 = 𝐵1,2 𝑎1,2
−2 3⁄  𝑑𝐿𝑝1,2    km (61) 

  𝑋3,4 = 𝐵3,4 𝑎3,4
−2 3⁄ ( 𝑑3,4 − 𝑑𝐿𝑝) + 𝑋1 + 𝑋2    km (62) 

  𝐺1,2,3,4 = 0.05751 𝑋1,2,3,4 − 10 log10 𝑋1,2,3,4 (63) 

  𝑊1,2 = 0.0134 𝑋1,2 exp(−0.005 𝑋1,2) (64) 

  𝑦1,2 = 40 log10(𝑋1,2) − 117     dB (65) 

 

𝐹1,2 =

{
 
 

 
 𝑦1,2 or − 117(whichever has the lesser absolute value) for 0 ≤ 𝐾𝐹1,2 ≤ 10

−5

𝑦1,2                                         for 10
−5  ≤  𝐾𝐹1,2  and − 450(log10𝐾𝐹1,2)

−3
 ≤  𝑋1,2

20 log10(𝐾𝐹1,2) − 15 + 
2.5 (10)−5 𝑋1,2

2

𝐾𝐹1,2
                                                              otherwise

dB (66) 
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  𝐹𝑋1,2 = {

𝐹1,2                                                         for 0 ≤  𝑋1,2  ≤ 200

𝑊1,2 𝑦1,2 + (1 − 𝑊1,2) 𝐺1,2   for 200 ≤  𝑋1,2  ≤ 2 000

𝐺1,2                                                            for 2 000 ≤  𝑋1,2

    dB (67) 

  𝐴3,4 = 𝐺3,4 − 𝐹𝑋1 − 𝐹𝑋2 − 20      dB (68) 

The values for Ap and Mp are: 

  𝑀𝑝 = 
𝐴4− 𝐴3

𝑑4− 𝑑3
            dB/km (69) 

  𝐴𝑝 = 𝐴4 − 𝑀𝑝𝑑4         dB (70) 

Rounded earth diffraction attenuation the path F-O-ML uses MF equal to Mp and AF equal to Ap with 

the values of (67), (68) associated with the F-O-ML path in (47), (48) and (49). 

  𝐴𝑟𝐹 = 𝐴𝐹 + 𝑀𝐹𝑑         dB (71) 

The value d is the great circle path distance in km which is an input parameter. Rounded earth 

diffraction attenuation the path O-A uses AA equal to Ap and MA equal to Mp with the values of (67) 

and (68) associated with the O-A path in (47), (48) and (49). 

  𝐴𝑟𝐴 = 𝐴𝐴 + 𝑀𝐴(𝑑𝐿𝑂1 + 𝑑𝐿𝑂2)         dB (72) 

Here are the equations for Gɦp1,2 that equals either GɦF1,2 or GɦO1,2 depending on whether one uses 

values in (47), (48) and (49) associated with F-O-ML or O-A respectively. 

  𝐵𝑁1,2 = 1.607 − 𝐾1,2 (73) 

  ɦ1,2 = 2.235 𝐵𝑁1,2
2  (

𝑓2

𝑎1,2
)

1
3⁄

 ℎ𝑒𝑝1,2 (74) 

  𝑓𝑐1,2 = 0.3 √𝑑𝐿𝑝1,2λ𝑚10−3 (75) 

where λ𝑚 is from (9).  

  𝐺𝑊1,2 = 

{
 

 
 0                                                     if ℎ𝑒𝑝1,2  ≥ 2𝑓𝑐1,2
1                                                     if ℎ𝑒𝑝1,2  ≤  𝑓𝑐1,1

 0.5 (1 + cos [
π (ℎ𝑒𝑝1,2− 𝑓𝑐1,2)

𝑓𝑐1,2
])               otherwise

 (76) 
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 𝐺ɦ1,2 = 

{
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

0      whenever ℎ𝑒𝑝1,2  ≥ 2𝑓𝑐1,2
−6.6 − 0.013 ɦ1,2 − 2 log10 ɦ1,2     whenever ɦ1,2  ≥ 2.5

or when 𝐾1,2  ≤ 0.01

1.2 − 13.5 ɦ1,2 + 15 log10 ɦ1,2       if ɦ1,2  < 0.3

−6.5 − 1.67 ɦ1,2 + 6.8 log10 ɦ1,2     if 0.3 ≤  ɦ1,2  < 2.5

or when 0.01 <  𝐾1,2  ≤ 0.05

𝑇 − 25 (𝑇 − 𝐵) (0.05 − 𝐾1,2)

where
𝑇 =  −13.9 + 24.1 ɦ1,2 + 3.1 log10 ɦ1,2   if ɦ1,2  <  0.25

𝑇 =  −5.9 − 1.9 ɦ1,2 + 6.6 log10 ɦ1,2    if 0.25 ≤ ɦ1,2  < 2.5

𝐵 = 1.2 − 13.5 ɦ1,2 + 15 log10 ɦ1,2      if ɦ1,2  < 0.3

𝐵 =  −6.5 − 1.67 ɦ1,2 + 6.8 log10 ɦ1,2       if 0.3 ≤  ɦ1,2  < 2.5

or when 𝐾1,2  > 0.05

𝑇 − 20 (𝑇 − 𝐵) (0.1 − 𝐾1,2)

where
𝑇 =  −13       if ɦ1,2  < 0.1

𝑇 =  −4.7 − 2.5 ɦ1,2 + 7.6 log10 ɦ1,2        if 0.1 ≤  ɦ1,2  < 2.5

𝐵 =  −13.9 + 24.1 ɦ1,2 + 3.1 log10 ɦ1,2      if ɦ1,2  < 0.25

𝐵 =  −5.9 − 1.9 ɦ1,2 + 6.6 log10 ɦ1,2      if 0.25 ≤  ɦ1,2  < 2.5

   dB (77) 

where the values associated with K1,2 are from curve fitting to gain curves [5]. The height gain 

functions are calculated as follows: 

 𝐺ɦ𝑝1,2 = 𝐺ɦ1,2 𝐺𝑊1,2    dB (78) 

 𝐺ɦ𝐹1,2 = 𝐺ɦ𝑝1,2   dB       for path F − O −ML (79) 

 𝐺ɦ𝐴1,2 = 𝐺ɦ𝑝1,2   dB       for path O − A (80) 

5.2 Knife-edge diffraction 

Knife-edge diffraction attenuation is a combination of the knife-edge diffraction attenuations for 

paths F-O-ML and O-A as in the rounded earth diffraction. For the knife-edge diffraction attenuation 

for path F-O-ML, AKML: 

 𝐴𝐾𝑀𝐿 = 6 − 𝐺ɦ𝐹1 − 𝐺ɦ𝐹2  dB (81) 

where 𝐺ɦ𝐹1,2 are from (79). The knife-edge diffraction attenuation for the path O-A, AKA, is calculated 

by the following sequence of equations: 

 𝑑𝐿𝑠𝐴 = 𝑑𝐿𝑂1 + 𝑑𝐿𝑂2     km (82) 

The values dLO1,2 are from (48) and (49). 

 θ𝑣 = θ𝑒1 + θ𝑒2 + 
𝑑𝐿1 + 𝑑𝐿𝑠𝐴

𝑎
    rad (83) 

The values θe1,2 and dL1 are from Fig. 5. 
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 𝑣 = 5.1658 sin(0.5 θ𝑣) √
𝑓 𝑑𝐿𝑠𝐴 𝑑𝐿1
𝑑𝐿𝑠𝐴 + 𝑑𝐿1

     rad (84) 

The values Cv and Sv are calculated from Fresnel integrals. 

 𝐶𝑣 = ∫ cos (
π𝑡2

2
)  𝑑𝑡

𝑣

0

 (85) 

 𝑆𝑣 = ∫ sin (
π𝑡2

2
)  𝑑𝑡

𝑣

0

 (86) 

 𝑓𝑣 = 0.5 √[1 − (𝐶𝑣 + 𝑆𝑣)]2 + (𝐶𝑣 − 𝑆𝑣)2 (87) 

 𝐴𝐾𝐴 = 𝐴𝑟𝐴 − 𝐺ɦ𝐹1 − 𝐺ɦ𝐴1 − 20 log10 𝑓𝑣         dB (88) 

The value ArA is from (72) and the values 𝐺ɦ𝐹1 and 𝐺ɦ𝐴1 are from (79) and (80) for paths F-O-ML 

and O-A respectively. 

5.3 Diffraction attenuation 

Rounded earth diffraction attenuation and knife-edge diffraction attenuation combine to form the total 

diffraction attenuation, Ad. The blending factor, W, is calculated from: 

 𝑊 = 

{
 
 

 
 1  when 𝑑𝑀𝐿  ≥  𝑑𝐿𝑠        (rounded earth only)
0   when 𝑑𝑀𝐿  ≤  0.9 𝑑𝐿𝑠    (knife − edge only)

0.5 [1 + cos (
π (𝑑𝐿𝑠 − 𝑑𝑀𝐿)

0.1 𝑑𝐿𝑠
)]      otherwise

 (89) 

where the maximum LoS distance, dML, is from (40) and the total smooth earth distance, dLs, is from 

(25). The diffraction attenuation for path F-O-ML, AML, uses the blending factor: 

 𝐴𝑀𝐿 = {

𝐴𝑟𝑀𝐿                             if 𝑊 > 0.999
𝐴𝐾𝑀𝐿                             if 𝑊 < 0.001
(1 −𝑊)𝐴𝐾𝑀𝐿 +𝑊𝐴𝑟𝑀𝐿  otherwise

    dB (90) 

where ArML is from (71) calculated with dML and AKML is from (81). The facility-to-antenna 2, dA, 

distance is calculated from: 

 𝑑𝐴 = 𝑑𝐿1 + 𝑑𝐿𝑠𝐴    km (91) 

where dL1 is from (34) and dLsA is from (80). The diffraction attenuation for path O-A, AA, also, uses 

the blending factor, W: 

 𝐴𝐴 = {

𝐴𝑟𝐴                             if 𝑊 > 0.999
𝐴𝐾𝐴                            if 𝑊 < 0.001
(1 −𝑊)𝐴𝐾𝐴 +𝑊𝐴𝑟𝐴  otherwise

    dB (92) 



 Rep.  ITU-R  P.2345-3 21 

 

where ArA = ArML from (71) with d = dA and AKA is from (88). The values for the diffraction attenuation, 

Ad, and Md are: 

 𝑀𝑑 = 
𝐴𝑀𝐿 − 𝐴𝐴
𝑑𝑀𝐿 − 𝑑𝐴

            dB/km (93) 

 𝐴𝑑 = 𝐴𝑀𝐿 + 𝑀𝑑(𝑑 − 𝑑𝑀𝐿)  dB (94) 

The value d is the great circle path distance in km which is an input parameter. The terrain attenuation, 

AT, uses Ad in § 7. 

6 Line-of-sight region 

For paths shorter than the maximum LoS range (i.e. d < dML), calculations for the LoS attenuation, 

ALoS, start with a two ray model involving the phasor sum of the direct and the earth-reflected rays. 

This scenario, also, includes the short term fading statistics, Yπ, from § 10.2. Diffraction makes a 

contribution to ALoS for distances less than the maximum LoS distance but greater than the LoS 

transition distance (i.e. d0 < d < dML). Some of the parameters affected by a counterpoise include the 

counterpoise component in this section, but the discussion on counterpoise is in Attachment 1. For 

any parameter in this section that has a “g” subscript, there is a parameter with a “c” subscript that 

uses parameters related to a counterpoise that will are discussed in this section or in Attachment 1. 

6.1 Two-ray path length geometry 

Figure 9 shows the geometry for the two-ray model used on the LoS region. The value ∆r is the 

difference between the direct ray, r0, and the length of the reflected ray, r12 = r1 + r2. 

 ∆𝑟 =  𝑟12 − 𝑟0       km (95) 

The following set of equations determines ∆r and path length d for various values of the grazing 

angle, ψ. This calculation is repeated for different values of ψ until there is sufficient coverage for ∆r 

and d. the counterpoise parameters are included here, but will be used in Attachment 1. 

 𝑧 =  
𝑎0
𝑎
 − 1 (96) 

 𝑘𝑎 = 
1

(1 + 𝑧 cosψ)
 (97) 

 𝑎𝑎 = 𝑎0𝑘𝑎          km (98) 

 ∆ℎ𝑎1,2 = ∆ℎ𝑒1,2  
(𝑎𝑎 − 𝑎0)

(𝑎 − 𝑎0)
             km (99) 

 𝐻1 = {
ℎ𝑟1 − ∆ℎ𝑎1    for earth
ℎ𝑓𝑐     for counterpoise

         km (100a) 

 𝐻2 = {
ℎ𝑟2 − Δℎ𝑎2                                for earth
ℎ𝑟2 − Δℎ𝑎2 − ℎ𝑐        for counterpoise

           km (100b) 

where a0 is the actual earth radius of 6 370 km, a is the effective earth radius from (14), hc is an input 

parameter and hfc is from (19). 
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 𝑧1,2 = 𝑎𝑎 + 𝐻1,2          km  (101) 

 θ1,2 = cos
−1 (

𝑎𝑎  cosψ

𝑧1,2
) −  ψ          rad 

 
(102) 

 𝐷1,2 = 𝑧1,2  sin θ1,2        km  (103) 

 
𝐻′1,2 = {

𝐷1,2  tanψ      for ψ < 1.56 rad

𝐻1,2                            otherwise
     km 

 
(104) 

 

α =  {
tan−1 [

(𝐻′2 − 𝐻′1)

𝐷1 + 𝐷2
]    for ψ  < 1.56 rad

ψ                                                       otherwise

    km 

 

(105) 

 

𝑟0 = {

(𝐷1 + 𝐷2)

cos α
     for ψ < 1.56 rad

𝐻2 − 𝐻1                      otherwise
        km 

 

(106) 
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FIGURE 9 

Spherical earth with two ray path geometry 
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Note: Relationships between the various geometric parameters shown here were previously 
provided in IF-73 [3, Sec A.4.2]
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Note to Fig. 9: Relationships between the various geometric parameters shown here were previously provided 

in IF-73 [3, section A.4.2]. 

 

 𝑟12 = {

(𝐷1 + 𝐷2)

cosψ
     for ψ < 1.56 rad

𝐻1 + 𝐻2                    otherwise

       km (107) 

 ∆𝑟 =
4 𝐻′1𝐻′2
(𝑟0 + 𝑟12)

     km (108) 
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There are two types of ∆r, ∆rg refers to earth parameters and equals ∆r from (108) when using the 

earth parameters from (100a) and (100b) to calculate H’1,2. The value ∆rc  refers to counterpoise 

parameters and equals ∆r from (108) when using the counterpoise parameters from (100a) and (100b) 

to calculate H’1,2. 

 θℎ1 =  α − θ1     rad (109a) 

 θℎ2 = −(α + θ2 )    rad (109b) 

 θ𝑟1,2 = −(ψ + θℎ1,2)    rad (110) 

 θ0 = θ𝑟1 + θ𝑟2            rad (111) 

 𝑑 =  𝑎𝑎θ0    km (112) 

This set of equations to calculate the great circle distance d uses an adjusted effective earth radius, aa, 

and adjusted effective antenna heights, H1,2, that vary with ψ since the values a from (14) and hr1,2 

from (17) are not appropriate when cos ψ is not near to a value of 1. The value ∆r is calculated by 

(108) rather than (95), because r0 and r12 may be very large and almost equal. 

Except where there is a specific reference to the counterpoise case, any calculations based on ∆r, 

including equations (108) through (111), are from the earth reflection case (e.g. ∆r = ∆rg). 

6.2 Effective reflection coefficient 

The magnitude of the effective reflection coefficient, RTg, includes the divergence, Dv, and ray length 

factor, Fr, from § 6.2.1; the surface roughness factor, Fσh, from § 6.2.2; antenna gain pattern factor, 

gRg, from § 6.2.3; plane earth reflection coefficient magnitude, Rg, from § 6.2.4; and a counterpoise 

factor, fg, from Attachment 1. Where there is no counterpoise, fg equals 1. 

 𝑅𝑇𝑔 = 𝐷𝑣𝐹𝑟𝐹σℎ𝑓𝑔𝑔𝑅𝑔𝑅𝑔 (113) 

6.2.1 Divergence and ray length factors 

The divergence factor, Dv, accounts for a reduction in the magnitude of the reflection from a curved 

surface as compared to a reflection from a flat surface. In the case where the reflected ray is much 

longer than the direct ray, such as two close aircraft antennas, the ray length factor, Fr, accounts for 

the reduction in the magnitude of the reflected ray. 

The equations to calculate Dv and Fr are: 

 𝑟1,2 = {

𝐻1,2  if ψ = 90°

𝐷1,2
cosψ

  otherwise
         km (114) 

where H1,2 are from (100a) and (100b), the grazing angle, ψ, is from Fig. 9, and D1,2 are from (103). 

 𝑅𝑟 = 
𝑟1𝑟2
𝑟12

               km (115) 

where r12 is from (107). 
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 𝐷𝑣 = [1 + 
2𝑅𝑟(1 + (sinψ)

2)

𝑎𝑎 sinψ
 + (

2𝑅𝑟
𝑎𝑎
)
2

]

−
1
2

     (116) 

where aa is from (98). 

 𝐹𝑟 = 
𝑟0
𝑟12
         (117) 

where r0 is from (106). 

6.2.2 Surface roughness factors 

There are surface roughness factors for specular, Fσh, and diffuse, Fdσh, reflections. The calculations 

for these factors are: 

 ∆ℎ𝑑 = ∆ℎ𝑚 [1 −  0.8 exp(−0.02 𝑑)]       m (118) 

Here the ∆hm value is the terrain parameter ∆h in metres. The ∆h value is an input parameter. The 

great circle distance, d, is from (112). 

 σℎ =  

{
 

 
0.25 𝐻1

3⁄
                                    for water

0.39 ∆ℎ𝑑                           for ∆ℎ𝑑  ≤ 4 𝑚

0.78 ∆ℎ𝑑  exp (−0.5 ∆ℎ𝑑
1
4⁄ )    otherwise

          m (119) 

where H1/3 is a value for significant wave height based on the sea state for a water reflecting surface. 

This parameter is chosen from Table 2. 

 δ =  
σℎ
λ𝑚

sinψ         m (120) 

where the grazing angle, ψ, from Fig. 9 is a starting parameter for calculating ∆r in § 5.1. 

The wavelength in metres, λm, is from (9). 

 𝐹σℎ = exp(−2πδ) (121) 

TABLE 2 

Estimates of parameters for sea states [4] 

Sea State 

Code (a) 

Descriptive  

terms (a) 

Average wave  

height range 

metres (feet) 

H1/3 

metres (feet) (b) 

σh  

metres (feet) (c) 

0 Calm (glossy) 
0 

(0) 

0 

(0) 

0 

(0) 

1 Calm (rippled) 
0 – 0.1 

(0 – 0.33) 

0.09 

(0.3) 

0.00 

(0.08) 

2 Smooth (wavelets) 
0.1 – 0.5 

(0.33 – 1.6) 

0.43 

(1.4) 

0.11 

(0.35) 
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TABLE 2 (end) 

Sea State 

Code (a) 

Descriptive  

terms (a) 

Average wave  

height range 

metres (feet) 

H1/3 

metres (feet) (b) 

σh  

metres (feet) (c) 

3 Slight 
0.5 – 1.25 

(1.6 – 4.0) 

1 

(3.3) 

0.25 

(0.82) 

4 Moderate 
1.25 – 2.5 

(4 – 8) 

1.9 

(6.1) 

0.46 

(1.5) 

5 Rough 
2.5 – 4 

(8 – 13) 

3 

(10) 

0.76 

(2.5) 

6 Very rough 
4 – 6 

(13 – 20) 

4.6 

(15) 

1.2 

(3.8) 

7 High 
6 – 9 

(20 – 30) 

7.9 

(26) 

2 

(6.5) 

8 Very high 
9 – 14 

(30 – 46) 

12 

(40) 

3 

(10) 

9 Phenomenal 
>14 

(>46) 

>14 

(45) 

>3.5 

(>11) 

(a) Based on international meteorological 

(b) Estimates significant wave heights, average of highest one-third, H1/3 

(c) Estimated using a formulation provided by Moskowitz with H1/3 estimates 

 

 𝐹𝑑σℎ = 

{
 
 

 
 
0.01 + 946 δ2                                                                 if δ < 0.00325
6.15 δ                                                           if 0.00325 ≤  δ ≤ 0.0739

0.45 + √0.000843 − (δ − 0.1026)2   if 0.0739 ≤  δ ≤ 0.1237

0.601 − 1.06 δ                                                      if 0.1237 ≤  δ ≤ 0.3
0.01 + 0.875 exp(−3.88 δ)                                                    otherwise

 (122) 

The determination of Fdσh is curve fitting to measured data [6]. The diffuse reflection coefficient, Rd, 

uses Fdσh, the plane earth reflection coefficient magnitude, Rg, from § 6.2.4, the ray length factor, Fr, 

from (117), the counterpoise factor, fg, from (293) and the antenna gain pattern factor, gRg, from 

§ 6.2.3. When there is no counterpoise, fg equals 1. 

 𝑅𝑑 = 𝐹𝑟𝐹𝑑σℎ𝑓𝑔𝑔𝑅𝑔𝑅𝑔 (123) 

6.2.3 Antenna pattern gain factors 

The antenna gain factors gD,R and gRh,v allow for situations where antenna gains effective for the direct 

ray path are different from the gains effective for the reflected ray path. Figure 10 shows the 

relationship between the two ray paths and the gains. The gains are relative voltage gains and are 

measured relative to the boresight of the their respective antennas (i.e. for boresight, 

gD,R = gR1,2 = 1 V/V). Relative gain values can be determined from antenna patterns (i.e. Fig. 11). 
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FIGURE 10 

Antenna gain notation and correspondence between ray take-off angles and gains 

Note: This sketch is drawn with flat earth, straight rays, and an exaggerated scale so that the 
geometry shown is over-simplified

H'2

ψ 

-θg2 

ψ 

d

H'1

r1

r2

-θH2 

-θH1 

-θg1 
gR1

r0

gD1

gR2

gD2θH1,2 and θg1,2 are measured from the 
horizontal at each terminal.  Angles 
above the horizontal are positive.

 

Note to Fig. 10: This sketch is drawn with flat earth, straight rays, and an exaggerated scale so that the geometry 

shown is over-simplified. 

These gains are complex quantities, but are treated as scalars in this method since, in many practical 

applications, the relative phase between the direct and reflected rays is expected to be zero or is 

unknown. The voltage gains are ratios that are dimensionless, but are different from power ratios that 

are also dimensionless. Decibel gains are related to these gains by: 

 𝐺𝑅1,2 = 20 log10 𝑔𝑅1,2       dB (124) 

Here GR1,2 ≤ 0 because 0 < gR1,2 ≤ 1. The calculations for gD,R are: 

 𝑔𝐷 = {
𝑔𝐷1𝑔𝐷2                                              for linear polarization 

0.5 [𝑔ℎ𝐷1𝑔ℎ𝐷2 + 𝑔𝑣𝐷1𝑔𝑣𝐷2]   for elliptical polarization
 (125) 

 𝑔𝑅 = {
1        for isotropic and or⁄ elliptical polarization
𝑔𝑅1𝑔𝑅2                                                              otherwise

 (126) 

Isotropic implies that, for the radiation angle of interest, gR1 = gD1 and gR2 = gD2. Elliptical polarization 

uses both the horizontally polarized (ghD1,2 and ghR1,2) and vertically polarized (gvD1,2 and gvR1,2) 

components of the antennas. Table 3 shows values for gD1,1. 

The gain factor gRv involves the vertical polarization gains, gvR1,2. 

 𝑔𝑅𝑣 = {
1   for isotropic antennas
𝑔𝑣𝑅1𝑔𝑣𝑅2           otherwise

 (127) 
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The gain factor gRh is the same for horizontal polarization gains. 

 𝑔𝑅ℎ = {
1   for isotropic antennas
𝑔ℎ𝑅1𝑔ℎ𝑅2           otherwise

 (128) 

FIGURE 11 

Normalized antenna gain vs. elevation angle [2] 

 

The antenna patterns in Fig. 11 are vertical plane patterns. Adjusting GT,R from (4) can change gain 

variations in azimuth. The values GNT,R for (4) are: 

 𝐺𝑁𝑇 = {
20 log10 𝑔𝐷1         if the lower antenna is transmitting
20 log10 𝑔𝐷2                                                          otherwise

 (129) 

 𝐺𝑁𝑅 =  {
20 log10 𝑔𝐷1        if the lower antenna is receiving
20 log10 𝑔𝐷2                                                   otherwise

 (130) 

The elevation angles associated with the gain factors are in Table 3. 

TABLE 3 

Gain factors for elevation angles [1] 

Factor Elevation angle 

gD1 θH1 for LoS, θe1 from Fig. 6 otherwise 

gD2 θH2 for LoS, θe2 from (44) otherwise 

gR1, gvR1, ghR1 θg1 

gR2, gvR2, ghR2 θg2 

 

Calculations for these angles are: 

 θ𝐿1,2 = (θ𝑒𝑠1,2 + θ𝑠1,2) (
𝑎𝑎 − 𝑎0
𝑎 − 𝑎0

)           rad (131) 
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where θes1,2 are from (27), θs1,2 are from (26), aa is from (98) and a is from (14). The value a0 is the 

actual earth radius at 6 370 km. 

 θ𝐻1,2 = θℎ1,2 + θ𝐿1,2     rad (132) 

 θ𝑔1,2 = θ𝑟1,2 + θ𝐿1,2     rad (133) 

where θh1,2 is from (109a) and (109b) and θr1,2 is from (110). The angles θL1,2 force an element of ray 

tracing in the elevation angles at the smooth earth horizon and prorate the values elsewhere. 

The values H1,2 in (100a) and (100b) have the option for a value based on a counterpoise. This, in 

turn affects θh1,2 and θr1,2. The counterpoise case is discussed further in Attachment 1. The parameter 

gRg from (123) equals gR from (126) associated with the H1,2 value for ground reflection. 

6.2.4 Plane earth reflection coefficients 

The dielectric constant, ε, and conductivity, σ, of the reflective surface determine the plane earth 

reflection coefficient, R exp(–jφ).  

For water: 

 ε =  
ε𝑠 − ε0

1 + (2π𝑓𝑇)2
+ ε0 (134) 

 σ =  
𝑓2𝑇(ε − ε0)

2 865
+ σ𝑖        mho/m (135) 

The dielectric constant, ε0, represents electronic and atomic polarizations and equals 4.9. The value 

εs is the static dielectric constant; the frequency, f, is in MHz; the relaxation time, T, is in μs and σi is 

the ionic conductivity. The values for εs, T and σi for water are from Table 4. 

TABLE 4 

Surface dielectric constant and conductivity for water [2] 

For fresh water 

 0°C 10°C 20°C 

es 88 84 80 

T [µs] 1.87 × 10–5 1.36 × 10–5 1.01 × 10–5 

σi [mho/m] 0.01 0.01 0.01 

For sea water 

 0°C 10°C 20°C 

es 75 72 69 

T [µs] 1.69 × 10–5 1.21 × 10–5 9.2 × 10–6 

σi [mho/m] 3.0 4.1 5.2 

 



30 Rep.  ITU-R  P.2345-3 

 

For all other surfaces, the appropriate dielectric constant, ε, and conductivity, σ, are from Table 5. 

TABLE 5 

Surface types and constants [4] 

Type Conductivity (mhos/m) Dielectric constant 

Poor ground 0.001 4 

Average ground 0.005 15 

Good ground 0.02 25 

Sea water 5* 81* 

Fresh water 0.01* 81* 

Concrete 0.01 5 

Metal 107 10 

* More appropriate values are calculated if surface sea temperature is specified. 
 

The formulation for R exp (–jφ) is as follows: 

 ε𝑐 =  ε − 𝑗60 λ𝑚σ (136) 

where λm is from (9). 

 𝑌𝑐 = √ε𝑐 − cos2ψ (137) 

where the grazing angle, ψ, from Fig. 9 is a starting parameter for ∆r in § 5.1. 

 𝑅𝑣 exp[−𝑗(π − 𝑐𝑣)] =  
ε𝑐  sinψ − 𝑌𝑐
ε𝑐  sinψ + 𝑌𝑐

 𝑔𝑅 (138a) 

where gR is from (126). 

  𝑅ℎ exp[−𝑗(π − 𝑐ℎ)] =  
sinψ − 𝑌𝑐

 sinψ+ 𝑌𝑐
 𝑔𝑅 (138b) 

𝑅𝑒 exp[−𝑗(π − 𝑐𝑒)] = 0.5 [𝑔𝑅ℎ𝑅ℎ exp[−𝑗(π − 𝑐ℎ)]] + [𝑔𝑅𝑣 𝑅𝑣 exp[−𝑗(π − 𝑐𝑣)]] (138c) 

where gRv,h are from (127) and (128), and 

 𝑅 exp(−𝑗ϕ) =  {

𝑅𝑣 exp[−𝑗(π − 𝑐𝑣)]        for vertical polarization

𝑅ℎ exp[−𝑗(π − 𝑐ℎ)]  for horizontal polarization

𝑅𝑒 exp[−𝑗(π − 𝑐𝑒)]      for elliptical polarization

 (139) 

For elliptical polarization, both antennas must have the sense and circular polarization is a special 

case of elliptical polarization. 

When the parameters in equations (134) through (139) use reflection parameters related to earth or 

ground, the reflection coefficient, R exp (–jφ) becomes: 

 𝑅𝑔 exp (−𝑗𝑔) = 𝑅 exp(−𝑗) (140) 
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For the counterpoise case, the reflection coefficient becomes Rc exp (–jφg), see Attachment 1. This is 

true where the geometry used to calculated gain factors in § 6.2.3 use the H1,2 values from (100a) and 

(100b). 

The total phase lag between the direct ray and the reflected ray is: 

 
𝑇𝑔
= 
2 π Δ𝑟𝑔

λ
+ 

𝑔
+ 

𝑘𝑔
+
π𝑣𝑔

2

2
          rad (141) 

The value ∆rg equals ∆r from (108). The parameters φkg and νg are not necessary when there is no 

counterpoise since they are part of the phase lag associated with the knife-edge diffraction over the 

edge of a counterpoise. The values for φkg and νg are discussed in Attachment 1.  

6.3 Line-of-sight transition distance, d0 

The LoS transition distance, d0, is the largest distance in the LoS region where the diffraction 

component is negligible. This parameter is determined as follows: 

 θℎ5 = 2 sin−1 [
0.5

5.1658
 √

𝑑𝑀𝐿
𝑓 𝑑𝐿1(𝑑𝑀𝐿 − 𝑑𝐿1)

]     rad (142) 

where dML is from (40), f is frequency in MHz, and dL1 is from Fig. 6. 

θ5 = θℎ5 − tan
−1 [

ℎ1 − ℎ𝐿1
𝑑𝐿1

− 
𝑑𝐿1
2𝑎
]       rad 

(143) 

where hL1 is from Fig. 6, a is from (14), and h1 is the lower antenna height above mean sea level as 

shown in Fig. 3. 

 ℎ𝑒𝑚2 = ℎ2 −  Δℎ𝑒2      km (144) 

where h2 is the higher antenna height above mean sea level as shown in Fig. 3 and ∆he2 is from (22). 

 𝑑𝐿5 = −𝑎 tan(θ5) + √(𝑎 tan θ5)2 + 2𝑎(ℎ𝑒𝑚2 − ℎ𝐿1)          km (145) 

 𝑑5 = 𝑑𝐿5 + 𝑑𝐿1        km (146) 

 θ𝑒5 = tan
−1 (

ℎ𝐿1 − ℎ𝑒𝑚2
𝑑𝐿5

− 
𝑑𝐿5
2𝑎
)          rad (147) 

 θ6 = θ𝑒1 + θ𝑒5 + 
𝑑5
𝑎
          rad (148) 

The value θe1 is from (38). 

 𝑣5 = 5.1658 sin(0.5 θ6) √
𝑓 𝑑𝐿1𝑑𝐿5
𝑑5

 (149) 
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The value v5 is the upper limit of the Fresnel integrals: 

 𝐶5 = ∫ cos (
π𝑡2

2
)  𝑑𝑡

𝑣5

0

 (150) 

 𝑆5 = ∫ sin (
π𝑡2

2
)  𝑑𝑡

𝑣5

0

 (151) 

 𝑓5 = 0.5 √[1 − (𝐶5 + 𝑆5)]2 + (𝐶5 − 𝑆5)2 (152) 

 𝐴𝐾5 = −20 log10 𝑓5      dB (153) 

 𝐴𝑟5 = 𝐴𝐹 + 𝑀𝐹  𝑑5      dB (154) 

where MF and AF equal Mp and Ap from (69, 70) for the F-O-ML path respectively. 

 𝐴5 = {

𝐴𝑟5                                   if 𝑊 > 0.99
𝐴𝐾5                                if 𝑊 < 0.001
(1 −𝑊)𝐴𝐾5 +𝑊𝐴𝑟5     otherwise

       dB (155) 

where W is from (89), and 

 𝑑𝑑 = 𝑑𝑀𝐿 − 
𝐴𝑀𝐿(𝑑𝑀𝐿 − 𝑑5)

𝐴𝑀𝐿 − 𝐴5
     km (156) 

where AML is from (90) and dML is from (40). The parameter dd is too short for the LoS transition 

distance when both antennas have low heights, therefore: 

 𝑑0 = {

𝑑𝐿1                     when 𝑑𝐿1 > 𝑑𝑑
𝑑𝜆/6   when 𝑑𝜆/6 > 𝑑𝐿1 and 𝑑𝑑
𝑑𝑑                                  otherwise

     km (157) 

where dL1 is the horizon distance for the lower antenna in Fig. 6. The parameter dλ/6 is the largest 

distance using the two-ray model from § 6.1 where the reflection coefficient is –1. This is the distance 

in the set of equations (96) through (108) where ∆r equals λ/6 (λ is the wavelength.). 

6.4 Line-of-sight attenuation, ALoS 

LoS attenuation, ALoS, is calculated as follows: 

 𝐹𝑓𝑠 = {

1                                      if lobing is used and Δ𝑟𝑔 < 10λ

1   if Δ𝑟𝑔  ≤ 0.5 λ and |𝑔𝐷  + 𝑅𝑇𝑔 exp (−𝑗𝑇𝑔)| <  𝑔𝐷

0                                                                             otherwise

 (158) 

where ∆rg equals ∆r from (106), λ is from (9), gD is determined in § 5.2.3, RTg is from (113) and φTg 

is from (141). 

 𝑊𝑅0 = |𝑔𝐷 + 𝐹𝑓𝑠 𝑅𝑇𝑔 exp (−𝑗𝑇𝑔) + 𝑅𝑇𝑐 exp(−𝑗𝑇𝑐) |
2

+ 0.0001 𝑔𝐷 (159) 

The term RTc exp (–jφTc) is due to a counterpoise and is calculated in Attachment 1 if a counterpoise 

is present. When there is no counterpoise, the term is equal to zero. 
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 𝐴𝑅0 = 10 log10 (
𝑔𝐷
2

𝑊𝑅0
)         dB (160) 

 𝑀𝐿 = 
𝐴𝑀𝐿 − 𝐴0
𝑑𝑀𝐿 − 𝑑0

           dB/km (161) 

where AML is from (90), dML is from (40) and d0 is from (157). The parameter A0 equals AR0 with the 

gD and WR0 values evaluated for d = d0. 

 𝐴𝐿𝑂𝑆 = {
𝐴𝑅0    if 𝑑 <  𝑑0

𝐴0 + 𝑀𝐿(𝑑 − 𝑑0)    if 𝑑0 ≤ 𝑑 ≤  𝑑𝑀𝐿
       dB (162) 

where d is from (112). The lobing mentioned in (158) is discussed in Attachment 1. 

7 Scattering region 

This formulation to calculate the tropospheric scattering attenuation, As, contains a ray tracing 

technique that makes it appropriate for use with high antennas. The equation for tropospheric 

scattering attenuation is: 

 𝐴𝑠 = 𝑆𝑒 + 𝑆𝑣 + 10 log10(𝜅θ
3 𝑙𝑠⁄ )       dB (163) 

Se is a scattering efficiency term and Sv is a scattering volume term. The terms κ, θ and ls are the wave 

number, the scattering angle and the total ray length through the scattering volume respectively. 

The ray tracing technique for calculating the scattering angle, θ, begins as: 

 θ𝑎1,2 =

[
(ℎ𝐿𝑟1,2 − ℎ𝑒1,2)
𝑎 + ℎ𝑒1,2

+ 2 sin (
𝑑𝐿1,2
2𝑎

)
2

]

[sin (
𝑑𝐿1,2
𝑎
)]

        rad (164) 

The heights hLr1,2 are from (37) and (49) and he1,2 are from (21) respectively. The value a is from (14) 

and dL1,2 are from (34) and (43). 

 𝑑𝑠 = 𝑑 − 𝑑𝐿1 − 𝑑𝐿2    km (165) 

where the great circle distance, d, is an input parameter. 

 θ𝑠 = θ𝑎1 + θ𝑎2 +
𝑑𝑠
𝑎
         rad (166) 

 𝑑𝑧1 =
[(
𝑑𝑠
2𝑎 + θ𝑎2) 𝑑𝑠 + ℎ𝐿2 − ℎ𝐿1]

θ𝑠
                  rad 

(167) 

 𝑑𝑧2 = 𝑑𝑠 − 𝑑𝑧1                    km (168) 

Here is introduced the upper limit of the gradient of the ray tracing, Am = 157 * 10–6 km–1 which 

relates to the edge of super refractivity. Gradients larger than Am can produce ducting. 

 𝑑𝑁 =  𝐴𝑚 − 𝑎
−1                   km−1 (169) 
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 γ𝑒 = 
𝑁𝑠 ∗  10 

−6

𝑑𝑁
                     km (170) 

where Ns is from (13). 

 𝑧𝑎1,2 =  
1

2𝑎
 (
𝑑𝑧1,2
2
)
2

+ θ𝑎1,2 (
𝑑𝑧1,2
2
) + ℎ𝐿𝑟1,2                 km   (171) 

 𝑧𝑏1,2 = 
1

2𝑎
 𝑑𝑧1,2
2 + θ𝑎1,2 𝑑𝑧1,2 + ℎ𝐿𝑟1,2      km (172) 

 𝑄𝑜1,2 = 𝐴𝑚 − 𝑑𝑁 exp (−
ℎ𝐿𝑟1,2
γ𝑒

)           km−1 (173) 

 𝑄𝑎1,2 = 𝐴𝑚 − 𝑑𝑁 exp (−
𝑧𝑎1,2
γ𝑒

)            km−1 (174) 

 𝑄𝑏1,2 = 𝐴𝑚 − 𝑑𝑁 exp (−
𝑧𝑏1,2
γ𝑒

)            km−1 (175) 

 𝑍𝑎1,2 = 
(7𝑄𝑜1,2 + 6𝑄𝑎1,2 − 𝑄𝑏1,2)

24
 (
𝑑𝑧1,2
2
)
2

+ θ𝑎1,2  
𝑑𝑧1,2
2

+  ℎ𝐿𝑟1,2      km (176) 

 𝑍𝑏1,2 =  
(𝑄𝑜1,2 + 2 𝑄𝑎1,2)

6
 𝑑𝑧1,2
2 + θ𝑎1,2 𝑑𝑧1,2 + ℎ𝐿𝑟1,2      km (177) 

 𝑄𝐴1,2 = 𝐴𝑚 − 𝑑𝑁 exp (−
𝑧𝑎1,2
γ𝑒

)            km−1 (178) 

 𝑄𝐵1,2 = 𝐴𝑚 − 𝑑𝑁 exp (−
𝑧𝑏1,2
γ𝑒

)            km−1 (179) 

 θ𝐴1,2 = 
(𝑄𝑜1,2 + 4 𝑄𝐴1,2 + 𝑄𝐵1,2)

6
 𝑑𝑧1,2 + θ𝑎1,2       rad (180) 

 θ =  θ𝐴1 + θ𝐴2        rad (181) 

The value θ is the scattering angle for the tropospheric scattering attenuation, As, from (163). 

 𝑍𝐴1,2 = 
(𝑄𝑜1,2 + 2 𝑄𝐴1,2)

6
 𝑑𝑧1,2
2 + θ𝑎1,2 𝑑𝑧1,2 + ℎ𝐿𝑟1,2      km (182) 

 𝑋𝑎 = 
(𝑍𝐴2 − 𝑍𝐴1)

θ
      km (183) 

 𝑑𝑍1 = 𝑑𝑧1 + 𝑋𝑎      km (184) 

 𝑑𝑍2 = 𝑑𝑧2 − 𝑋𝑎      km (185) 

 ℎ𝑣 = 
(θ𝐴1𝑍𝐴2 + θ𝐴2𝑍𝐴1)

θ
                km (186) 
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The value, hʋ, is the height of the scattering volume. 

 𝑋𝐴1,2 = (ℎ𝑒1,2 − ℎ𝐿1,2)
2
+ 4(𝑎 + ℎ𝑒1,2)(𝑎 + ℎ𝐿1,2) sin (

𝑑𝐿1,2
2𝑎

)
2

                km (187) 

 𝑙1,2 = 𝑋𝐴1,2

1
2  + 𝑑𝑍1,2       km (188) 

 𝑙 =  𝑙1 + 𝑙2        km (189) 

The value, l, is the total ray length for the tropospheric scattering attenuation, As, from (163). 

 ε1 = (5.67 ∗  10−6) 𝑁𝑠
2 − (2.32 ∗ 10−3) 𝑁𝑠 + 0.031      (190) 

 ε2 = 0.0002 𝑁𝑠
2 − 0.06 𝑁𝑠 + 6.6      (191) 

 ϑ = 0.1424 {1 + 
ε1

exp [(
ℎ𝑣

4⁄ )
6

]

}             𝑘𝑚−1 (192) 

 𝑆𝑒 = 83.1 − 
ε2

1 + 0.07716 ℎ𝑣2
+ 20 log10 [(

0.1424

ϑ
)
2

 exp(ϑ ℎ𝑣)]            dB (193) 

 𝑠 =  
(𝑙1 − 𝑙2)

𝑙
 (194) 

Se is the scattering efficiency term for the tropospheric scattering attenuation, As, from (163) and s is 

the modulus of asymmetry. 

 η =  
ϑθ𝑙

2
 (195) 

 𝜅 =  2π λ⁄            𝑘𝑚−1 (196) 

where λ is the wavelength in km. This is equal to λm/1000 where λm is from (9). The value κ is the 

wave number. The values he1,2 from (21) are used to find ρ1,2. 

 ρ1,2 = 2κθℎ𝑒1,2 (197) 

 𝐴 = (1 − 𝑠2)2 (198) 

 𝑋𝑣1 = (1 + 𝑠)
2η (199) 

 𝑋𝑣2 = (1 − 𝑠)
2η (200) 

 𝑞1,2 = 𝑋𝑣1,2
2 + ρ1,2

2  (201) 
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𝐵𝑠 = 6 + 8𝑠2 + 8
(1 + 𝑠)𝑋𝑣2

2 ρ2
2

𝑞2
2 + 8 

(1 − 𝑠)𝑋𝑣1
2 ρ1

2

𝑞1
2

+ 2(1 − 𝑠2) (1 + 
2𝑋𝑣1

2

𝑞1
)(1 + 

2𝑋𝑣2
2

𝑞2
) 

(202) 

 𝐶𝑠 = 12(
ρ1 + √2

ρ1
)

2

(
ρ2 + √2

ρ2
)

2

(
ρ1 + ρ2

ρ1 + ρ2 + 2√2
) (203) 

 𝑆𝑣 = 10 log10 (
(𝐴η2 + 𝐵𝑠η)𝑞1𝑞2

ρ1
2ρ1

2 + 𝐶𝑠)        dB (204) 

Sv is the scattering volume term for the tropospheric scattering attenuation, As, from (163). 

8 Terrain attenuation 

Calculations for the terrain attenuation, AT, change for different regions. 

𝐴𝑇 = 

{
  
 

  
 
𝐴𝐿𝑂𝑆                                                                                             for  𝑑 <  𝑑𝑀𝐿

[

𝐴𝑑                                      if 𝐴𝑠𝑥 ≥ 𝐴𝑑𝑥

𝐴𝑠𝑥 + 
𝐴𝑠𝑥 − 𝐴𝑀𝐿
𝑑𝑥 − 𝑑𝑀𝐿

 (𝑑 − 𝑑𝑥)   otherwise
]            for 𝑑𝑀𝐿 ≤ 𝑑 ≤  𝑑𝑥

[
lesser 𝑜𝑓 𝐴𝑑  or 𝐴𝑠

where 𝐴𝑠 has been selected for a shorter distance
]       for 𝑑𝑥  < 𝑑

     dB (205) 

ALoS is from (162). The value d is a specified parameter except in the LoS region where it is from 

(112). Ad is from (94). Asx = As from (163) and Adx = Ad from (94) both for d = dx. AML is from (90) 

and dML is from (40). 

The distance, dx, is the shortest distance beyond the radio horizon at which As > 20 dB and Ms ≤ Md. 

Ms is the slope of the curve for As versus distance determined by successive As calculations ( see § 7). 

Md is from (93). 

9 Free space loss 

The free space loss calculation is: 

 𝐿𝑏𝑓 = 32.45 + 20 log10(𝑓𝑟) (206) 

where f in MHz is an input parameter and r is calculated below. 

For LoS paths, calculate rWH. 

 𝑟𝑊𝐻 = [(ℎ2 − ℎ1)
2 + 4(ℎ1 + 𝑎0)(ℎ2 + 𝑎0)[sin(0.5 𝑑 𝑎0⁄ )]2]

1
2          km (207) 

The heights h1,2 are the heights of the lower and higher antennas, respectively, from mean sea level 

from Fig. 3. The value a0 is the actual earth radius of 6 370 km and the great circle distance, d, is 

from (112) for LoS paths.  

 𝑟 = greater of 𝑟0 or 𝑟𝑊𝐻            km (208) 

where r0 is from (106). 
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For all other paths, calculate the two values, rL1,2: 

𝑟𝐿1,2 = [(ℎ1,2 − ℎ𝐿1,2)
2
+ 4(ℎ1,2 + 𝑎0) (ℎ𝐿1,2 + 𝑎0)[sin(0.5 𝑑𝐿1,2 𝑎0⁄ )]

2
]

1
2
          km (209) 

Heights hL1,2 are from (36) and (45) respectively. Distances dL1,2 are calculated in § 4. 

 𝑟𝐵𝐻 = 𝑟𝐿1 + 𝑟𝐿2 + 𝑑𝑠     km (210) 

where ds is from (165). 

 𝑟 = greater of 𝑑 or 𝑟𝐵𝐻      km (211) 

where d is an input variable. 

10 Atmospheric absorption 

Estimating the median atmospheric absorption combines the amount of absorption of oxygen and 

water vapour for a given frequency with the ray length through the identified atmospheric layers. 

The absorption is calculated from the surface absorption rates and ray lengths as: 

 𝐴𝑎 =  Υ𝑜𝑜𝑅𝑒𝑜 + Υ𝑜𝑤𝑅𝑒𝑤         dB (212) 

The figures of the geometry of the ray lengths are in Fig. 12. 
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FIGURE 12 

Geometry associated with atmospheric absorption 
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10.1 Surface absorption rates 

Effective ray lengths for oxygen and water vapour combined with the surface absorption rates give 

an estimate for attenuation due to atmospheric absorption. Curves for the surface absorption rates for 

oxygen and water vapour, ϒoo and ϒow respectively, for frequency are on Fig. 13. Data from the graph 

in Fig. 13 are available in table form in Attachment 2. 

FIGURE 13 

Surface values of atmospheric absorption by oxygen and water vapour [5] 

 

10.1.1 Determining ray length 

The geometry for determining ray length through the appropriate layers of the atmosphere is 

illustrated in Fig. 12. The values Teo and Tew are 3.25 km and 1.36 km respectively. 
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Calculate At and Hz  

 𝐴𝑡 =  β + (0.5 π) (213) 

 𝐻𝑧 = lesser of {
𝑇𝑒𝑜,𝑤 + 𝑎Υ
𝐻γ2 + 𝑎γ

 (214) 

For 𝐻𝛾1 < Teo,w  

 𝐴𝑞 = sin
−1 [

(𝐻Υ1 + 𝑎γ) sin 𝐴𝑡

𝐻𝑧
] (215) 

 𝐴𝑒 =  𝜋 − (𝐴𝑡 + 𝐴𝑞) (216) 

 𝑅𝑒𝑜,𝑤 = {

𝑇𝑒𝑜,𝑤 − 𝐻Υ1   if 𝐴𝑞 < 0.02 rad

(𝐻γ1 + 𝑎γ) sin 𝐴𝑒

sin 𝐴𝑞
  otherwise

     km (217) 

For Teo,w < 𝐻γ1  

 𝐻𝑐 = (𝐻Υ1 + 𝑎γ) sin 𝐴𝑡 (218) 

 𝑅𝑒𝑜,𝑤 = {

0                                          if 𝑇𝑒𝑜,𝑤 + 𝑎Υ  ≤  𝐻𝑐 or 𝐴𝑡  ≤  𝜋/2

2(𝑇𝑒𝑜,𝑤 + 𝑎γ) sin [cos
−1 (

𝐻𝑐
(𝑇𝑒𝑜,𝑤 + 𝑎γ)
⁄ )]  otherwise

                 km (219) 

10.1.2 Line-of-sight paths (d ≤ dML) 

Atmospheric absorption calculations for LoS paths use the following values: 

• 𝐻ϒ1,2 = H1,2 from (100 a and b) 

• 𝑎ϒ = aa from (14) 

• β = θh1 from (109a) 

10.1.3 Single horizon paths (dML ≤ d ≤ dL1 + dLo1) 

The single horizon paths use two sets of starting parameters. R1eo,w and R2eo,w equal Reo,w in the 

calculations above for the two sets of initial parameters. Reo,w is the sum of R1eo,w and R2eo,w.  

Atmospheric absorption calculations for R1eo,w use the following values: 

• 𝐻ϒ1 = lesser of he1 or hLr1 

• 𝐻ϒ2 = greater of he1 or hLr1 

• 𝑎ϒ = a from (14) 

• β = θe1 from (38) if 𝐻ϒ1 = he1 and θL from (39) otherwise 

Atmospheric absorption calculations for R2eo,w use the following values: 

• 𝐻ϒ1 = lesser of he2 or hLr2 

• 𝐻ϒ2 = greater of he2 or hLr2 

• 𝑎ϒ = a from (14) 

• β = θe2 from (38) if 𝐻ϒ1 = he2 and –θL from (39) otherwise 
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10.1.4 Two horizon paths 

Two-horizon paths also use two sets of starting parameters. Again, R1eo,w and R2eo,w equal Reo,w in the 

calculations above for the two sets of initial parameters and Reo,w is the sum of R1eo,w and R2eo,w.  

Atmospheric absorption calculations for R1eo,w use the following values: 

• 𝐻ϒ1 = lesser of he1 or hv 

• 𝐻ϒ2 = greater of he1 or hv 

• 𝑎ϒ = a from (14) 

• β = θe1 from (36) if 𝐻ϒ1 = he1 and – tan–1 θA1 (θA1 from (178)) otherwise 

Atmospheric absorption calculations for R2eo,w use the following values: 

• 𝐻ϒ1 = lesser of he2 or hv 

• 𝐻ϒ2 = greater of he2 or hv 

• 𝑎ϒ = a from (14) 

• β = θe2 from (37) if 𝐻ϒ1 = he2 and – tan–1 θA2 (θA2 from (176)) otherwise 

11 Variability 

Total variability, Y(q), for this method includes terms for long-term (hourly median) variability, Ye(q) 

and short-term variability from multipath, Yπ(q), rain attenuation, Yr(q), and ionospheric scintillation, 

YI(q). The terms are combined by: 

 𝑌Σ(𝑞) =  ± √𝑌𝑒2(𝑞) + 𝑌π2(𝑞) + 𝑌𝑟2(𝑞) + 𝑌𝐼
2(𝑞) (220) 

+ for q ≤ 0.5 

– otherwise 

For an hourly median availability, all the short-term variabilities are set to zero. Variability due to 

rain attenuation is considered equal to zero when q ≤ 0.98 since the assumption is that rain attenuation 

occurs during 2 percent of the time. Also, variability due to ionospheric scintillation is considered 

equal to zero except for satellite paths that pass through the ionosphere at about 350 km above sea 

level. 

11.1 Variability due to long-term fading 

The variable, Ye(q), represents long-term or hourly median fading. This is a signed value such that 

positive values with q ≤ 0.5 indicate a decrease in transmission loss or an increase in received power. 

Long-term fading has two components. One component is due to seasonal changes and the other 

component is due to climatic changes. The long-term fading uses an effective distance, de, calculated 

as follows: 

 𝑑𝑒 = {

130 𝑑

𝑑𝑞
              for 𝑑 ≤  𝑑𝑞

130 + 𝑑 − 𝑑𝑞  otherwise

       km (221) 

where d is the great circle distance that is a specified parameter or, in the LoS region, is from (112) 

and dq is calculated by: 

 𝑑𝑞 = 𝑑𝐿𝑞 + [65 (100 𝑓⁄ )
1
3⁄ ]        km (222) 
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where f is frequency in MHz and dLq is the total smooth earth horizon distance determined by ray 

tracing in Attachment 1 for an effective earth radius of 9 000 km. The equations to calculate the gain 

factors, g (0.1 or 0.9, f), associated with Ye(q) are: 

 𝑔(0.1, 𝑓) =  {
0.21 sin[5.22 log(𝑓 200⁄ )] + 1.28 for 60 ≤ 𝑓 ≤ 1 600 MHz
1.05                                                                     for 𝑓 > 1 600 MHz

 (223) 

 𝑔(0.9, 𝑓) =  {
0.18 sin[5.22 log(𝑓 200⁄ )] + 1.23   for 60 ≤ 𝑓 ≤ 1 600 MHz
1.05                                                                           or 𝑓 > 1 600 MHz

 (224) 

The calculations for the reference levels of the hourly Y median variability, Y0(0.1) and Y0(0.9), and 

for the parameter, V(0.5) start with the equation for f2. 

 𝑓2 = 𝑓∞ + [(𝑓𝑚 − 𝑓∞) exp(−𝑐2𝑑𝑒
𝑛2)] (225) 

feeds into: 

 

𝑉(0.5)

𝑌0(0.1)

−𝑌0(0.9)
} =  [𝑐1𝑑𝑒

𝑛1 − 𝑓2] exp(−𝑐3𝑑𝑒
𝑛3)    +  𝑓2     dB (226) 

The values c1, c2, c3, n1, n2, n3, fm and f∞ are from Table 6 (all hours all year) for Y0 (0.1), Table 7 

(all hours all year) for Y0 (0.9) or Table 8 (Climate 1) for V(0.5). Other options for determining these 

parameters are using time blocks (§ 11.1.1), climates (§ 11.1.2) or mixed distributions (§ 10.1.3). 

 𝑌(0.1 or 0.9) = 𝑔(0.1 or 0.9, 𝑓) 𝑌0(0.1 or 0.9)    dB (227) 

Use Y(0.1) and Y(0.9) to calculate other percentiles for the hourly median received power. 

TABLE 6 

Constants for calculating Y0(0.1) [5] 

Time 

block c1 

de  in km 

c2 c3 n1 n2 n3 fm f∞ 

4 1.22–2 9.81–6 1.09–8 1.36 2.00 3.58 10.8 5.5 

5 2.58–4 3.41–6 2.01–11 2.05 2.25 4.78 8.0 4.0 

6 3.84–3 4.22–5 7.76–9 1.57 1.76 3.66 9.6 5.2 

7 7.95–3 3.76–5 3.19–8 1.47 1.76 3.40 11.2 5.5 

S* 4.47–3 1.66–5 2.06–8 1.55 1.90 3.48 9.98 5.1 

         

1 1.09–4 1.21–6 8.29–8 2.28 2.29 3.26 9.6 2.8 

2 1.04–5 4.28–8 3.51–8 2.71 2.91 3.41 9.15 2.8 

3 2.02–4 1.45–6 4.27–8 2.15 2.28 3.37 9.4 2.8 

8 1.70–4 7.93–7 1.29–7 2.19 2.37 3.18 9.5 3.0 

W* 2.46–4 1.74–7 1.27–8 2.11 2.64 3.62 9.37 2.8 

A* 5.25–4 1.57–6 4.70–7 1.97 2.31 2.90 10.0 5.4 

Time blocks “S”, “W”, and “A” are all hours summer, all hours winter, and all hours all years respectively.  

Small digits represent the exponent of the number, for example, 2.33−2 = 2.33 × 10−2 
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TABLE 7 

Constants for calculating Y0(0.9) [5] 

Time 

block 
c1 

de  in km 

c2 
c3 n1 n2 n3 fm f∞ 

4 1.84–4 2.22–6 3.65–16 2.09 2.29 6.82 8.0 4.0 

5 3.80–4 4.76–6 8.39–17 1.92 2.19 7.10 6.6 3.3 

6 1.81–3 5.82–6 6.37–13 1.67 2.15 5.38 8.4 4.1 

7 3.19–3 2.51–6 5.03–9 1.60 2.27 3.69 10.0 4.4 

S* 7.42–4 5.55–5 4.37–8 1.84 1.69 3.28 8.25 4.0 
         

1 1.72–4 6.39–8 2.93–20 2.10 2.79 4.24 8.2 2.4 

2 1.05–5 7.00–13 7.64–9 2.59 4.80 3.68 7.05 2.8 

3 3.64–5 3.74–9 3.53–7 2.40 3.28 2.94 7.8 2.2 

8 1.64–6 1.43–7 3.14-7 3.08 2.66 3.03 8.6 2.6 

W* 3.45–6 1.25–8 7.50–7 2.87 3.07 2.82 7.92 2.45 

A* 2.93–4 3.78–8 1.02–7 2.00 2.88 3.15 8.2 3.2 

Time blocks “S”, “W”, and “A” are all hours summer, all hours winter, and all hours all years respectively.  

Small digits represent the exponent of the number, for example, 4.97−4 = 4.97 × 10−4. 
 

TABLE 8 

Constants for calculating V(0.5) [5] 

Climate c1 
de in km 

c2 
c3 n1 n2 n3 fm f∞ 

1. Continental Temperate 1.59–5 1.56–11 2.77–8 2.32 4.08 3.25 3.9 0 

2. Maritime Temperate Overland 1.12–4 1.26–20 1.17–11 1.68 7.30 4.41 1.7 0 

3. Maritime Temperate Oversea 1.18–4 3.33–13 3.82–9 2.06 4.60 3.75 7.0 3.2 

4. Maritime Subtropical Overland 1.09–4 5.89–18 2.21–7 2.06 6.81 2.97 5.8 2.2 

5. Maritime Subtropical Oversea (deleted)       

6. Desert (Sahara) 

(Computes – V(0.5)) 

8.85–7 2.76–14 2.25–12 2.80 4.82 4.78 8.4 8.2 

7. Equatorial 3.45–7 3.74–12 6.97–8 2.97 4.43 3.14 1.2 –8.4 

8. Continental Subtropical 1.59–5 1.56–11 2.77–8 2.32 4.08 3.25 3.9 0 

 

 𝑌(𝑞) =  {

𝑐𝑌(0.1)  for 𝑞 < 0.5
0              for 𝑞 = 0.5

𝑐𝑌(0.9)  for 𝑞 > 0.5
      dB (228) 

The distribution calculations to obtain values for c are in Attachment 1. The values of c for q < 0.1 

are in Table 9 and the values of c for q > 0.9 are in Table 10.  
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TABLE 9 

Factor c for q [2] 

Climate number q = 0.01 q = 0.001 q = 0.001 

1, 6 and 8 1.95 2.73 3.33 

2 1.79 2.27 2.66 

3 2.20 3.30 3.70 

4 1.82 2.41 2.90 

5 ----- ----- ----- 

7a and 7b 2.15 3.05 3.80 

 

TABLE 10 

Factor c for q [2] 

q c* 

0.95 1.28 

0.99 1.82 

0.995 2.01 

0.999 2.41 

0.9995 2.57 

0.9999 2.90 

* For q > 0.9 c VALUES follow a log-normal distribution for all climates. 

 

There is a correction factor for the elevation angle of the lower antenna, fθh. 

 𝑓θℎ = {
0.5 − π−1 tan−1[20 log10(32 θℎ1)]    for LoS paths with θℎ1 >   0

1                                                                 otherwise
 (229) 

The value θh1 is from (109a).  

 𝑌𝑒𝐼(𝑞) =  𝑓θℎ𝑌(𝑞)    dB (230) 

 𝑉𝑒(0.5) =  𝑓θℎ𝑉(0.5)     dB (231) 

When using lobing, calculate YT. 

 𝑌𝑇 = 𝐿𝑏 − [𝐿𝑏𝑓 − 𝑉𝑒(0.5) − 20 log10(𝑅𝑇𝑔 + 𝑅𝑇𝑐)]    dB (232) 

Where Lb(0.5) is from (2), Lbf is from (205), and RTg is from (113). The value for RTc equals zero when 

there is no counterpoise; otherwise it is calculated in Attachment 1. 

 𝐴𝑌𝐼 = 𝐿𝑏𝑓 − 3 − 𝐿𝑏𝑟 − 𝑌𝑒𝐼(0.1) (233) 

Lbr is from (3). The value AYI is zero when using lobing and the higher antenna is within 10 lobes of 

its radio horizon. 

 𝐴𝑌 = {

0    if 𝐴𝑌𝐼  ≤ 0
10    if 𝐴𝑌𝐼  ≥ 10
𝐴𝑌𝐼   otherwise

 (234) 
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The calculations for the long-term variability, Ye(q) are: 

 𝑌𝑒(𝑞 ≥ 0.1) =  𝑌𝑒𝐼(𝑞)     dB (235) 

 𝑌𝑒(𝑞 < 0.1) =  {
lesser of [𝑌𝑒𝐼(𝑞) or 𝑌𝑇]                                       for lobing

lesser of [𝑌𝑒𝐼(𝑞) or 𝐿𝑏𝑟 + 𝐴𝑌 − (𝐿𝑏𝑓 − 𝑐𝑌)]  otherwise
 (236) 

where cY is 6, 5.8, and 5 dB for q values of 0.0001, 0.001, 0.01 respectively. 

11.1.1 Time blocks 

This method has options to calculate variabilities for blocks of time and seasonal groupings. These 

time blocks are defined in Table 11 and are associated with a continental temperate climate. To add 

the effects of time blocks to the long-term variability, one uses values in Tables 6, 7 and 8 that are 

appropriate to the time block desired and use those values to calculate V(0.5), Y0(0.1) and Y0(0.9) 

in (225). To combine time blocks use the technique for mixing distributions described in § 11.5. 

TABLE 11 

Time block ranges [1] 

Number Months Hours 

1 Nov. – Apr. 0600 – 1300 

2 Nov. – Apr. 1300 – 1800 

3 Nov. – Apr. 1800 – 2400 

4 May – Oct. 0600 – 1300 

5 May – Oct. 1300 – 1800 

6 May – Oct. 1800 – 2400 

7 May – Oct. 0000 – 0600 

8 Nov. – Apr. 0000 – 0600 

Summer May – Oct. All Hours 

Winter Nov. – Apr. All Hours 

 

11.1.2 Climates 

There are options for different climates as defined in (238) and (239). Table 12 provides the values 

b1, b2, b3, c1, and c2 for the following equations to use in calculating the long-term variability. 

 

𝑉(0.5)

𝑌0(0.1)

−𝑌0(0.9)
} =  

(𝑑𝑒 𝑏1⁄ )2

1 + (𝑑𝑒 𝑏1⁄ )2
 [𝑐1 + 

𝑐2
1 + [(𝑑𝑒 − 𝑏2) 𝑏3⁄ ]2

]     dB (237) 

The value, de, is from (220). 

𝑔(0.1, 𝑓)

=  

{
 
 

 
 
1                                                                                 for all climates except 2, 4 and 6

0.18 sin[5 log10(𝑓 200⁄ )] + 1.06 for 60 ≤ 𝑓 ≤ 1 500 MHz climates 2 and 6
1                                                        suggested for 60 ≤ 𝑓 ≤ 200 MHz   climate 4

0.10 sin[5 log10(𝑓 200⁄ )] + 1.02           for 200 ≤ 𝑓 ≤ 1 500 MHz climate 4
0.93                                                                for 𝑓 > 1 500 MHz climates 2, 4 and 6

 
(238) 
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𝑔(0.9, 𝑓) =  {

1                                                                                          for all climates except 6

0.13 sin[5 log10(𝑓 200⁄ )] + 1.04  for 60 ≤ 𝑓 ≤ 1 500 MHz in climate 6
0.92                                                                      for 𝑓 > 1 500 Mhz in climate 6

 (239) 

where f is the input frequency in MHz. These values are then used in (225) and (229) to calculate Ye 

(q) as in § 11.1. Section 11.6 describes how to combine the distributions for multiple climates. 

TABLE 12 

Constants to calculate v(0.5), Y0(0.1), and Y0(0.9) [2] 

Climate Parameter b1 b2 b3 c1 c2 

1. Equatorial V(0.5) 

Yo(0.1) 

Yo(0.9) 

144.9 

636.9 

762.2 

190.3 

134.8 

123.6 

133.8 

95.6 

94.5 

–9.67 

2.70 

–2.73 

12.7 

131.1 

–204.4 

2. Continental 

subtropical 

V(0.5) 

Yo(0.1) 

Yo(0.9) 

228.9 

138.7 

100.4 

205.2 

143.7 

172.5 

143.6 

98.6 

136.4 

–0.62 

8.8 

–3.41 

9.19 

19.9 

–9.83 

3. Maritime 

subtropical 

V(0.5) 

Yo(0.1) 

Yo(0.9) 

262.6 

165.3 

138.2 

185.2 

225.7 

242.2 

99.8 

129.7 

178.6 

1.26 

12.9 

–7.83 

15.5 

12.3 

–8.52 

4. Desert V(0.5) 

Yo(0.1) 

Yo(0.9) 

84.1 

464.4 

139.1 

101.1 

93.1 

132.7 

98.6 

94.2 

193.5 

–9.21 

4.72 

–2.54 

9.05 

204.2 

–16.8 

5. *Mediterranean -------- -------- -------- -------- -------- -------- 

6. Continental 

temperate 

V(0.5) 

Yo(0.1) 

Yo(0.9) 

228.9 

93.2 

93.7 

205.2 

135.9 

186.8 

143.6 

113.4 

133.5 

–0.62 

6.04 

–3.43 

9.19 

10.4 

–9.17 

7a. Maritime 

temperate overland 

V(0.5) 

Yo(0.1) 

Yo(0.9) 

141.7 

216.0 

187.8 

315.9 

152.0 

169.6 

167.4 

122.7 

108.9 

–0.39 

11.0 

–8.79 

2.86 

17.9 

–13.3 

7b. Maritime 

temperate oversea 

V(0.5) 

Yo(0.1) 

Yo(0.9) 

2222.0 

136.2 

609.8 

164.8 

188.5 

119.9 

116.3 

122.9 

106.6 

3.15 

10.8 

–10.9 

857.9 

10.5 

–217.6 

8. *Polar Use Climate 6 

*  For climate numbers 5 and 8, Mediterranean and Polar, values are not available; a substitute for Polar is suggested 

for use unless more definite information is available from other sources. 

 

11.2 Variation due to multipath 

The variable, Yπ, represents short-term (less than an hour) fading due to multipath. This fading is 

a result of both surface reflection and tropospheric multipath and generally follows a Nakagami-Rice 

distribution. 

11.2.1 Surface reflection multipath 

Surface reflection multipath contributes to the short-term variability of LoS paths. This method uses 

both the specular and diffuse components of the surface multipath mechanism. These components as 

well as the tropospheric multipath components make up the short-term fading, Yπ(q), component of 

the total variability for the model. 



 Rep.  ITU-R  P.2345-3 47 

 

The model uses the following fading formulas to incorporate the surface reflection multipath elements 

into Yπ(q): 

 𝐹𝐴𝑌 = {

1                if 𝐴𝑌  ≤ 0
0.1             if 𝐴𝑌  ≥ 9

0.5 [1.1 + 0.9 cos (
π𝐴𝑌
9
)]  otherwise

} (240) 

where AY is from (232) and  

 𝐹∆𝑟 = 

{
 
 

 
 1              if ∆𝑟𝑔  ≥

λ

2

0.1          if ∆𝑟𝑔  ≤
λ

6
1.1 − 0.9 cos[3π(∆𝑟𝑔 −  λ/6)/λ]

2
  otherwise

 (241) 

where ∆rg equals ∆r from (108) when using ground parameters and λ is the wavelength in km where 

the wavelength in metres, λm, is from (9). 

The reflection contributions are RS
2 for the relative contribution of the specular component and Rd

2 is 

the contribution of the diffuse component. These values are calculated by: 

 𝑅𝑠 = 𝑅𝑇𝑔 (𝐹𝐴𝑌𝐹∆𝑟) (242) 

where RTg is from (113) and  

 𝑅𝑑 = 𝑅𝑇𝑔  (
𝐹𝑑σℎ
𝐹σℎ𝐷𝑣

) (243) 

where Fdσh is from (121), Fσh is from (122) and Dv is from (116). 

The relative power level, WR, from the surface reflection components is calculated by: 

 𝑊𝑅 = {

(𝑅𝑠
2 + 𝑅𝑑

2)

𝑔𝐷
2  for LoS (𝑑 ≤  𝑑𝑀𝐿)

0   otherwise

 (244) 

where d is the path length from (112), dML is from (40), and gD is from (125). 

11.2.2 Tropospheric multipath 

Tropospheric multipath is caused by elevated layers in the troposphere and is part of the short-term 

variability. This mechanism is only used when working with time availability for instantaneous levels 

exceeded. Tropospheric multipath determines relative power level Wa which the method uses to 

determine the short-term multipath fading, Yπ(q). 

The fading component from tropospheric multipath is calculated as: 

 𝐹 = 10 log10 (𝑓 𝑅𝑒𝑤
3 ) − 84.26     dB (245) 

when d ≤ dML. The input frequency f is in MHz, Rew is calculated in § 10.1 for different paths, d is from 

(112) and dML is the maximum LoS distance from (40). The variable F is not calculated for d ≥ dML. 

NOTE – The values for KLoS are from Table 13 for column Yπ(0.99). KML is determined for F values with 

d = dML. 
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 𝐾𝐿𝑂𝑆 = {
40 dB         if 𝐹 ≤ 0.14
−20 dB       if 𝐹 ≥ 18.4

obtained from Table 13 otherwise
 (246) 

The values for KLoS are K values from Table 13 for column Yπ(0.99) for –F.  

TABLE 13 

Characteristics of Nakagami-Rice phase interference fading distribution [5] 

 

 𝐾𝑡 = {

𝐾𝐿𝑂𝑆           if 𝑑 ≤  𝑑𝑀𝐿
−20      if θ𝑠 > 0.02618 rad

𝐾𝑀𝐿 + 
(− 20 − 𝐾𝑀𝐿)θ𝑠 

0.02618
 otherwise

 (247) 

where θs is the scattering angle from (166). This angle is negative in the LoS region. Kt determines 

the relative power, Wa. The value KML is the same as the value KLoS when Rew is evaluated at dML. 

 𝑊𝑎 = 10
−𝐾𝑡

10⁄  (248) 

11.2.3 Variation due to multipath 

The model uses the relative powers WR and Wa to calculate the ratio between the direct ray component 

and the Rayleigh fading component, K. 

 𝐾 = −10 log10 (𝑊𝑅 + 𝑊𝑎)    dB (249) 

K is then the value to determine the Nakagami-Rice probability distribution for Yπ(q) from Fig. 14. 
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FIGURE 14 

Nakagami-Rice probability distribution of instantaneous fading associated with phase interference [5] 

 

11.3 Rain attenuation 

There are two options for determining rain attenuation, Yr. The first option requires rain zone and 

storm size input values. There are three storm sizes which are small, medium and large (5, 10, or 

20 km, respectively). This method assumes only one storm in any path. There are five steps for 

calculating Yr using this option. 

1 Determine point rain rates (rate at a particular point of observation). Table 14 identifies the 

point rain rates for a rain zone chosen from Fig. 15 and for a time percentage. Note that for 

all q ≤ 0.98, the point rain rate equals zero which makes Yr(q) equal zero. 

2 Determine path average rain rates. Take the point rain rate value and the identified storm size 

to find the path average rain rate from Table 15.  

3 Determine the attenuation rate, Arr(q). Use the path average rain rate from step 3 and the 

frequency to find the attenuation rate from Table 16. Use linear interpolation to calculate the 

rate. 

4 Determine the in-storm ray length. The ray length within Tes, Res, is calculated using the 

following parameters and calculations from the geometry in Fig. 12.  

Line of sight paths (d ≤ dML) 

Atmospheric absorption calculations for LoS paths use the following values: 

• 𝐻ϒ1,2 = H1,2 from (98) 
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• 𝑎ϒ = aa from (14) 

• β = θh1 from (107a) 

Single horizon paths (dML ≤ d ≤ dL1 + dL01) 

The single horizon paths use one set of starting parameters. Atmospheric absorption calculations for 

Res use the following values: 

• 𝐻ϒ1 = lesser of he1 or hLr1  

• 𝐻ϒ2 = greater of he1 or hLr1 

• 𝑎ϒ = a from (14) 

• β = θe1 from (37) if 𝐻ϒ1 = he1 and θL from (38) otherwise 

Two-horizon paths (dL1 + dL01 ≤ d)  

Two-horizon paths also use one set of starting parameters. Atmospheric absorption calculations for 

Res use the following values: 

• 𝐻ϒ1 = lesser of he1 or hv  

• 𝐻ϒ2 = greater of he1 or hv 

• 𝑎ϒ = a from (14) 

• β = θe1 from (37) if 𝐻ϒ1 = he1 and –tan–1 θA1 (θA1 from (176)) otherwise 

Calculate At and Hz  

 𝐴𝑡 =  β + (0.5 π) (250) 

 𝐻𝑧 = lesser of {
𝑇𝑒𝑠 + 𝑎γ
𝐻γ1 + 𝑎γ

 (251) 

TABLE 14 

Point rain rates (mm/hr) not exceeded for a fraction of time, q [2] 

Rain zone 

 1 2 3 4 5 6 

≤.98 0 0 0 0 0 0 

.99 0.17 0.25 0.31 0.54 0.75 1.0 

.995 0.62 0.98 1.54 2.07 2.7 3.35 

.998 1.8 3.1 4.8 6.2 7.8 9.4 

.999 3.2 5.4 8.8 11.7 14.0 17.0 

.9995 5.1 9.6 14.5 19.0 23.5 28.5 

.9998 8.2 17.0 25.0 33.0 40.0 48.0 

.9999 11.3 22.8 34.0 44.5 54.0 67.0 

.99995 14.6 29.5 43.0 57.0 68.0 84.0 

.99998 18.8 37.8 56.0 73.0 91.0 112.0 

.99999 24.0 44.0 64.0 86.0 110.0` 160.0 
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For 𝐻γ1 < Tes  

 𝐴𝑞 = sin
−1 [

(𝐻γ1 + 𝑎γ) sin 𝐴𝑡

𝐻𝑧
] (252) 

 𝐴𝑒 =  π − (𝐴𝑡 + 𝐴𝑞) (253) 

 𝑅𝑒𝑠 = {

𝑇𝑒𝑠 − 𝐻γ1   if 𝐴𝑞 < 0.02 rad

(𝐻γ1 + 𝑎γ) sin 𝐴𝑒

sin 𝐴𝑞
  otherwise

     km (254) 

For Tes < 𝐻γ1  

 𝐻𝑐 = (𝐻γ1 + 𝑎γ) sin 𝐴𝑡 (255) 

 𝑅𝑒𝑠 = {

0                                          if 𝑇𝑒𝑠 + 𝑎γ  ≤  𝐻𝑐 or 𝐴𝑡  ≤  π/2

2(𝑇𝑒𝑠 + 𝑎γ) sin [cos
−1 (

𝐻𝑐
(𝑇𝑒𝑠 + 𝑎γ)
⁄ )]  otherwise

                 km (256) 

Tes equals the storm size input value. The in-storm length rs is determined by: 

 𝑟𝑠 = {
𝑇𝑒𝑠 if 𝑅𝑒𝑠  ≥  𝑇𝑒𝑠
𝑅𝑒𝑠     otherwise

 (257) 

5 Determine rain attenuations values. The rain attenuation variability, Yr(q), for q > 0.98 is 

calculated by: 

 𝑌𝑟(𝑞) =  −𝐴𝑟𝑟𝑟𝑠 (258) 
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FIGURE 15 

Rain zones of the world [4] 
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TABLE 15 

Path average-to-point rain rate ratio [2]  

Point rain 

rate in mm/hr 

Storm size estimated 

5 km 10 km 20 km 

10 1.0 1.0 1.0 

15 0.96 0.916 0.835 

18 0.94 0.865 0.73 

20 0.93 0.85 0.70 

23 0.915 0.83 0.66 

27 0.899 0.797 0.61 

30 0.888 0.775 0.58 

33 0.878 0.755 0.564 

37 0.865 0.730 0.54 

40 0.860 0.720 0.53 

44 0.850 0.704 0.51 

50 0.840 0.683 0.493 

55 0.833 0.670 0.480 

60 0.824 0.650 0.470 

65 0.818 0.640 0.452 

70 0.813 0.627 0.440 

80 0.805 0.610 0.422 

90 0.798 0.592 0.408 

100 0.790 0.575 0.392 

115 0.780 0.565 0.378 

140 0.770 0.550 0.357 

155 0.765 0.540 0.350 

185 0.760 0.528 0.325 

200 0.758 0.520 0.310 

  



54 Rep.  ITU-R  P.2345-3 

 

TABLE 16 

Attenuation in mm/km for various rain rates [2] 

Rainfall Rate    Frequency in GHz      

mm/hr in/hr 100 60 30 20 15 10 7.5 6 5 4.3 3 2 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.25 0.01 0.25 0.16 0.03 0.01 0.006 0.002 0.0008 0.0004 0.000 0.000 0.000 0.000 

1.25 0.05 1.29 0.76 0.21 0.09 0.04 0.01 0.004 0.002 0.001 0.0008 0.0004 0.000 

2.5 0.10 2.19 1.43 0.45 0.20 0.10 0.03 0.01 0.005 0.003 0.002 0.0007 0.0003 

5 0.20 3.68 2.63 0.93 0.43 0.23 0.07 0.03 0.01 0.006 0.003 0.001 0.0006 

12.5 0.49 7.08 5.46 2.43 1.18 0.71 0.24 0.08 0.03 0.02 0.009 0.003 0.001 

25 0.98 11.7 9.86 4.87 2.49 1.53 0.60 0.22 0.09 0.04 0.020 0.007 0.002 

50 1.97 19.6 17.0 9.59 5.15 3.28 1.45 0.59 0.24 0.10 0.050 0.010 0.005 

100 3.94 33.7 29.4 18.4 10.4 6.77 3.43 1.55 0.64 0.26 0.120 0.030 0.010 

150 5.91 46.8 40.9 26.8 15.7 10.2 5.49 2.71 1.13 0.47 0.210 0.050 0.020 

200 7.87 61.0 56.0 34.0 22.0 14.5 8.10 4.10 1.80 0.73 0.34 0.082 0.036 

 

11.4 Variation due to scintillation 

Propagation paths that pass through an altitude of about 350 km in the ionosphere include a variability 

associated with ionospheric scintillation, YI(q). This method uses two types of calculations to 

determine the variability. One specifies the variability by selecting a scintillation index group. The 

other uses a weighted mixture of distributions selected for specific cases. This method also allows 

YI(q) to change with latitude of earth stations of a geostationary satellite. 

One can find the variability due to scintillation for time percentage q on Fig. 16. Data values from the 

graph in Fig. 16 are in table form in Attachment 2. The index group is calculated by:  

 𝑆𝐼 = 
(𝑃𝑝𝑒𝑎𝑘 − 𝑃𝑚𝑖𝑛)

(𝑃𝑝𝑒𝑎𝑘 + 𝑃𝑚𝑖𝑛)
 × 100% (259) 

For a geostationary satellite, YI(q) can change to reflect the latitude of earth facilities along the 

sub-satellite meridian. Start with the value associated with the latitude and time percentage from 

Fig. 16. This technique uses data measured at 136 MHz (Y136(q)). To calculate YI(q), find the index n 

by: 

 𝑛 =  

{
 
 
 

 
 
 
1                                             for θ𝐹𝐿  ≤ 17°

1 + 
(θ𝐹𝐿 − 17)

7
 for  17° <  θ𝐹𝐿  < 24° 

2                               for  24° <  θ𝐹𝐿 < 45°

1 + 
(52° − θ𝐹𝐿)

7  for  45° <  θ𝐹𝐿  < 52°

1 for θ𝐹𝐿  ≥ 52°

 (260) 

where θFL is the magnitude of the earth facility latitude in degrees. Equation (261) shows the 

conversion from Y136(q) to YI(q). 
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 𝑌𝐼(𝑞) =  (136 𝑓⁄ )𝑛 𝑌136(𝑞) (261) 

This method has a process for mixing scintillation indices. The process for mixing the distributions 

is described in § 11.5. 

FIGURE 16 

Signal level distribution for ionospheric scintillation index groups 

 

11.5 Mixing distributions 

This process combines distributions for time blocks (§ 11.1.1) to produce distributions for summer 

and winter or across boundaries for different climate types. The process can, also, be used for 

combining distributions for fading associated with ionospheric scintillation index groups (§ 11.4). 

1 Select M ( ≥ 10) levels of variability that cover the entire range of the variable 

(e.g. transmission loss) (V1,…Vi, …, VM). 

2 Identify the fraction of time (weighting factor) over which each distribution is applicable 

(W1, …Wi, …, WN). 

3 Determine the time percentage applicable for the variable level is not to be exceeded (q11, …, 

qij, …, qMN). 

4 Calculate the time percentages for each level of variability from step 1. 

q1 = q11W1 + … + q1jWj + … + q1NWN 

. 

. 
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. 

qi = qi1W1 + … + qijWj + … + qiNWN 

. 

. 

. 

qM = qM1W1 + … + qMjWj + … + qMNWN 

For distributions of long-term variability, the variability functions are from: 

 𝑉𝐶(𝑞) =  [𝑉(0.5) + 𝑌(𝑞)]|𝐶 (262) 

The |C indicates that V(0.5) and V(q) are the appropriate values for the conditions associated with the 

situation C. After the mixing, Y(q) is calculated by: 

 𝑌(𝑞) = 𝑉(𝑞) − 𝑉(0.5) (263) 

For scintillation index values covering an identified condition, the YI(q) from the mixing is the value 

for the condition. 

 

 

Attachment 1 

1 Ray tracing 

In cases where there are high (3 km) antennas, the ray bending technique used in IF77 may 

overestimate ray bending. In these cases, the IF77 method uses a ray tracing technique which is 

covered in this section. 

This algorithm assumes a horizontally stratified atmosphere defines the layer heights beginning at hr 

and rising for layers in km of 0.0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 0.7, 1.0, 1.524, 2, 3.048, 5, 7, 10, 20, 

30.48, 50, 70, 90, 110, 225, 350 and 475. These values are contained in Hlayers (I). The initial elevation 

angle can be negative. Any angle that is excessively negative is set to the grazing angle for a smooth 

earth. 

For each element of Hlayers: 

 𝑁𝑙𝑎𝑦𝑒𝑟𝑠 = exp(−𝐶𝑒 𝐻𝑙𝑎𝑦𝑒𝑟𝑠(𝐼)) 𝑁𝑠 10
−6 (264) 

where Ce (a scale height coefficient) equals the term loge(Ns/(Ns+ΔN)) from equation (15) and Ns is 

from equation (13). 

 𝑁𝐼(𝐼) = 1 +  𝐸𝑁(𝐼) (265) 

 𝑅(𝐼) = (𝑎0 + ℎ𝑟)  +  𝐻𝑙𝑎𝑦𝑒𝑟𝑠(𝐼) (266) 

 ℎ𝑇1 = 𝑎𝑠 + ℎ𝑟 + ℎ𝑟1        km (267) 

 ℎ𝑇2 = 𝑎𝑠 + ℎ𝑟 + ℎ𝑟2         km (268) 
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 𝑁1 = 𝑁𝑠 10
−6 exp(−𝐶𝑒 ℎ𝑟1) (269) 

 𝑁2 = 𝑁𝑠 10
−6 exp(−𝐶𝑒 ℎ𝑟2) (270) 

 𝑁𝐼1 = 1 + 𝑁1  (271) 

 𝑁𝐼2 = 1 + 𝑁2  (272) 

where hr, hr1,2 are defined in § 4.1. Subscripts T1 and T2 denote terminals (antennas) one and two 

respectively throughout this section. 

Starting with element 2 of Hlayers (I = 2): 

 𝐴(𝐼) =  
log𝑒 𝑁𝐼(𝐼) − log𝑒 𝑁𝐼(𝐼 − 1)

log𝑒 𝑅(𝐼) − log𝑒 𝑅(𝐼 − 1)
 (273) 

Use equations (274) to (280) starting at the first Hlayers value above hr1 for each layer indicated by 

index I until the Hlayers value is greater than hr2: 

 𝑋 =  
ℎ𝑅𝑇1
2 𝑅(𝐼)

 (274) 

 𝑌 = 2 sin2(2 θ𝑇1) (275) 

where θT1 is the absolute value of the take-off angle (shown as –θsR1 in Fig. 4). 

 𝑍 =  
𝑅(𝐼) − ℎ𝑇1

ℎ𝑇1
 (276) 

 𝑊 = 
(𝑁1 − 𝑁𝑙𝑎𝑦𝑒𝑟𝑠(𝐼)) cos θ𝑇1

𝑁𝐼(𝐼)
 (277) 

 θ𝐼(𝐼) = 2 sin
−1 (√[𝑋 (𝑌 + 𝑍 −𝑊)]) (278) 

 𝑋𝐴 = 
−𝐴𝐼(𝐼)

𝐴𝐼(𝐼) + 1
 (279) 

 θ𝑎𝑙𝑙 = θ𝑙𝑎𝑠𝑡 + [(θ𝐼(𝐼) − θ𝐼(𝐼 − 1)) 𝑋𝐴] (280) 

 θ𝑙𝑎𝑠𝑡 = θ𝑎𝑙𝑙 (281) 

 𝑋𝐵 =
𝑁𝐼(𝑙𝑎𝑠𝑡) 𝑅 (𝑙𝑎𝑠𝑡)

ℎ𝑟2
 (282) 

When equations (274) to (282) are done for the value of Hlayers > hr2 or the index, I, equals 25, angle 

at the higher antenna and the great circle distance between antennas 1 and 2 are: 

 θ𝐹 = {
θ𝐼(𝐼)                        if ℎ𝑟2 < 475 km

cos−1[cos(θ𝐼(𝐼))𝑋𝐵]       otherwise
 (283) 

 𝑑𝑇1 = 𝑎𝑠 (θ𝐹 + θ𝑎𝑙𝑙 − 𝜃𝑇1) (284) 
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2 Counterpoise or ground plane 

2.1 Effective reflection coefficient 

The presence of a counterpoise affects the effective reflection coefficient of the system. The effective 

reflection coefficient related to a counterpoise, RTc, uses a divergence, Dv, ray length factors, Fr, 

a surface roughness factor, Fσh, counterpoise factor, fc, antenna gain factor for the counterpoise, gc, 

and the plane earth reflection coefficient magnitude, Rc. 

 𝑅𝑇𝑐 = {
𝐷𝑣𝐹𝑟𝐹σℎ𝑓𝑐𝑔𝑅𝑐𝑅𝑐     for counterpoise present

0                                             otherwise
 (285) 

In the counterpoise case, DvFrFσh is assumed equal to unity since the counterpoise would be near the 

lower antenna and flat. Therefore they are not considered in this section. 

2.2 Counterpoise factors 

The counterpoise factors reduce the amount of reflection for both the counter poise and the ground 

reflections when a counterpoise is present. The geometry of the counterpoise is shown in Figs 17 

and 18. 

 θ𝑐𝑒 = tan
−1 (

2 ℎ𝑓𝑐

𝑑𝑐
) (286) 

where hfc is the height of antenna 1 above the counterpoise from equation (20) and dc is the 

counterpoise diameter which is an input parameter. 

FIGURE 17 

Geometry for earth reflection diffraction parameter, vg, with counterpoise shadowing 
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FIGURE 18 

Geometry for earth reflection diffraction parameter, vc, with limited surface of counterpoise 

Counterpoise

θh1

hfC

hfC

θkC

θh1

θh1

θce

Image

 

 

 𝑟𝑐 = 
0.5 𝑑𝑐
cos θ𝑐𝑒

 (287) 

 θ𝑘𝑔 = |θ𝑐𝑒| −  |θ𝑟1| (288) 

where θr1 is from equation (110). 

 𝑌𝑣 = √
8 𝑟𝑐
λ

 (289) 

where λ is the wavelength in km equal to λm/1 000 which λm is from (9). 

 θ𝑘𝑐 = |θ𝑐𝑒 − θℎ1| (290) 

where θh1 is calculated using counterpoise parameters in (100) through (109). 

 𝑣𝑔 = ± 𝑌𝑣  sin
θ𝑘𝑔

2
  (
−    for |θ𝑟1| <  θ𝑐𝑒
+            otherwise

) (291) 

 𝑣𝑐 = ± 𝑌𝑣  sin
θ𝑘𝑐
2
  (
−    for θℎ1 > θ𝑐𝑒
+            otherwise

) (292) 

 𝐶𝑔,𝑐 = ∫ cos (
π𝑡2

2
)  𝑑𝑡

𝑣𝑔,𝑐

0

 (293) 
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 𝑆𝑔,𝑐 = ∫ sin (
π𝑡2

2
)  𝑑𝑡

𝑣𝑔,𝑐

0

 (294) 

where Cg,c and Sg,c are Fresnel integrals. 

 𝑓𝑐,𝑔 = 0.5 √[1 − (𝐶𝑔,𝑐 + 𝑆𝑔,𝑐)]
2
+ (𝐶𝑔,𝑐 − 𝑆𝑔,𝑐)

2
 (295) 

 
𝑘𝑔,𝑐

= tan−1 (
𝐶𝑔,𝑐 − 𝑆𝑔,𝑐

1 − 𝐶𝑔,𝑐 − 𝑆𝑔,𝑐
) (296) 

The value fg is used in (113), fc is used for RTc is equation (283) and φkg,c are used in (158) and (159) 

in § 6.4. 

3 Cumulative distribution 

For long term fading in § 10.1, to calculate percentiles for hourly received power starts with the Y(0.9) 

and Y(0.1) values calculated in equation (223). The assumption for this distribution is that it is normal 

or nearly normal. The equation for other percentiles is equation (224). The values for c use the 

Qi(q/100) values where 

 𝑐 =  
𝑄𝑖(𝑞)

𝑄𝑖(0.9)
 (297) 

for Y(0.9) and a defined q and  

 𝑐 =  
𝑄𝑖(𝑞)

𝑄𝑖(0.1)
 (298) 

for Y(0.1) and a defined q. The value for q = 0.5 here is zero and, so, is not included in the calculations. 

Qi(q/100) values can be found in Table 17. 

TABLE 17 

Approximate inverse complementary cumulative normal distribution values  

[Rec. ITU-R P.1546 Table 3] 

q% Qi (q/100) q% Qi (q/100) q% Qi (q/100) q% Qi (q/100) 

1 2.327 26 0.643 51 –0.025 76 –0.706 

2 2.054 27 0.612 52 –0.050 77 –0.739 

3 1.881 28 0.582 53 –0.075 78 –0.772 

4 1.751 29 0.553 54 –0.100 79 –0.806 

5 1.645 30 0.524 55 –0.125 80 –0.841 

6 1.555 31 0.495 56 –0.151 81 –0.878 

7 1.476 32 0.467 57 –0.176 82 –0.915 

8 1.405 33 0.439 58 –0.202 83 –0.954 

9 1.341 34 0.412 59 –0.227 84 –0.994 

10 1.282 35 0.385 60 –0.253 85 –1.036 
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TABLE 17 (end) 

q% Qi (q/100) q% Qi (q/100) q% Qi (q/100) q% Qi (q/100) 

11 1.227 36 0.358 61 –0.279 86 –1.080 

12 1.175 37 0.331 62 –0.305 87 –1.126 

13 1.126 38 0.305 63 –0.331 88 –1.175 

14 1.080 39 0.279 64 –0.358 89 –1.227 

15 1.036 40 0.253 65 –0.385 90 –1.282 

16 0.994 41 0.227 66 –0.412 91 –1.341 

17 0.954 42 0.202 67 –0.439 92 –1.405 

18 0.915 43 0.176 68 –0.467 93 –1.476 

19 0.878 44 0.151 69 –0.495 94 –1.555 

20 0.841 45 0.125 70 –0.524 95 –1.645 

21 0.806 46 0.100 71 –0.553 96 –1.751 

22 0.772 47 0.075 72 –0.582 97 –1.881 

23 0.739 48 0.050 73 –0.612 98 –2.054 

24 0.706 49 0.025 74 –0.643 99 –2.327 

25 0.674 50 0.000 75 –0.674   

 

 

 

Attachment 2 

 

Abbreviations, acronyms and symbols 

This list includes most of the abbreviations, acronyms, and symbols used in this report. The units 

given for symbols in this list are those required by or resulting from equations as given in this report 

and are applicable except when other units are specified.  

In the following list, the English alphabet precedes the Greek alphabet, letters precede numbers, and 

lower-case letters precede upper-case letters. Miscellaneous symbols and notations are given after the 

alphabetical items. 

a effective earth radius calculated from eq. (14) (km) 

aa an effective earth radius associated with ka in the two ray model in the LoS region, 

eq. (98) (km) 

a0 actual earth radius, 6 370 km 

a1,2,3,4 effective earth radii from diffraction calculations, eq. (55) (56) 

aγ effective earth radius used in atmospheric absorption from § 10 (km) 

A an intermediate parameter for tropospheric scatter attenuation, eq. (198) 

Aa atmospheric absorption attenuation, eq. (212) (dB) 

AA diffraction attenuation intercept for path O-A, eq. (92) (dB) 

Ad diffraction attenuation for beyond the horizon paths, eq. (94) (dB) 

Adx Ad at dx, eq. (205) (dB) 
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Ae,q,t angles from Fig. 12 (rad) 

AF attenuation path intercept for diffraction path F-O-ML, eq. (71) (dB) 

AI effective area of an isotropic antenna, eq. (8) (dB sq. m) 

AKA knife-edge diffraction attenuation for O-A path, eq. (88) (dB) 

AKML knife-edge diffraction attenuation for F-O-ML path, eq. (81) (dB) 

AK5 knife-edge diffraction attenuation at d5, eq. (153) (dB) 

ALoS attenuation in the LoS region, eq. (162) (dB) 

Am upper limit of the ray tracing gradient, eq. (169) (km–1) 

AML diffraction attenuation for F-O-ML path, eq. (90) (dB) 

A0 AR0 at d0, eq. (161) (dB) 

Ap attenuation path intercept for rounded earth diffraction, eq. (70) (km) 

ArA rounded earth diffraction attenuation for the O-A path, eq. (72) (dB) 

ArF rounded earth diffraction attenuation for the F-O-A path, eq. (71) (dB) 

ArML rounded earth diffraction attenuation for the F-O-ML, eq. (71) path 

ARO attenuation in the LoS region where the diffraction effects associated with terrain are 

negligible, eq. (160) (dB) 

Arr(q) attenuation rate associated with rain and a fraction of time, q, step 3 in § 11.3 (dB/km) 

Ar5 rounded earth diffraction attenuation for the F-O-A path at d5, eq. (154) (dB) 

AS forward scatter attenuation, eq. (163) (dB) 

ASX forward scatter attenuation at dx, eq. (205) (dB) 

AT terrain attenuation, eq. (205) (dB) 

AY conditional adjustment factor used to prevent available signal powers form exceeding levels 

expected for free space propagation by unrealistic amounts, eq. (234) (dB) 

AYI initial value for conditional adjustment factor, AY, eq. (233) (dB) 

A3,4  intermediate parameters for rounded earth diffraction calculations, eq. (68) (dB) 

A5  combined diffraction attenuation at d5, eq. (155) (dB) 

b1,2,3 long term variability parameters for eq. (237) from Table 12 

B intermediate parameter for Gɦ1,2, eq. (77) 

BN1,2 parameters used for rounded earth calculations, eq. (73) 

BS intermediate parameter for scattering volume, SV, eq.(202) 

B1,2,3,4 intermediate parameters for rounded earth diffraction calculations, eq. (60) 

c cumulative distribution for long term fading calculations, eq. (228) and Attachment 1 

ce,h,v phase of plane earth reflection coefficient relative to π for elliptical, horizontal, and vertical 

polarisations, eqs. (138) (139) 

cY variability limiting parameter, eq. (236) (dB) 

c1,2,3 parameters for long term fading calculations, eqs. (225) (226) (237) from Tables 6, 7, 8 

CS intermediate parameter for tropospheric scatter calculations, eq. (203) 

Cν,g,c,5 Fresnel integrals, eqs. (85) (293) (152) 

D great circle distance between lower and higher antennas (may be an input or calculated by 

eq. (112) (km) 

dA facility to aircraft distance, eq. (91) (km) 
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dc counterpoise diameter, eq. (286) (km) 

dd initial estimate of d0, eq. (156) (km) 

de effective distance for long term power fading, eq. (221) (km) 

dh distance used to calculate facility horizon, eq. (31) (km) 

dL1,2 horizon distances for the lower (1) and higher (2) antennas § 4.2, § 4.3 (km) 

dLE1 horizon distances for the lower (1) and higher (2) antennas based on effective earth radius, 

eq. (32) (km) 

dLM greatest distance between the lower and higher antennas where there is a common horizon, 

eq. (42) (km) 

dLO1,2 smooth earth horizon distances for lower path O-A, eqs. (48) (49) (km) 

dLp total horizon distance for the path for diffraction, eq. (52) (km) 

dLp1,2 radio horizon distances for lower (1) and higher (2) antennas for the path for diffraction, eqs. 

(48) (49) (km) 

dLq total smooth earth horizon distance determined by ray tracing, equals dT1 for aS = 9 000 km, 

eq. (284) (km) 

dLR2 horizon distance for higher antenna discussed before eq. (40) (km) 

dLs total smooth earth horizon distance between the lower and higher antennas, eq. (25) (km) 

dLsA smooth earth horizon distance for O-A path, eq. (82) (km) 

dLs1,2 smooth earth horizon distance for the lower (1) and higher (2) antennas, eq. (24) (km) 

dLsE1,2 effective smooth earth horizon distances for the lower (1) and higher (2) antennas, 

eq. (23) (km) 

dLsR1,2 smooth earth horizon distances for the lower (1) and higher (2) antennas § 4.1 Fig. 3 (km) 

dLO1,2 smooth earth horizon distances for path O-A in eqs. (48) (49) (km) 

dL1,2 total smooth earth horizon distance between the lower and higher antennas, eq. (25) (km) 

dL5 intermediate distance in LoS region, eq. (145) (km) 

dML maximum LoS distance from the lower antenna, eq. (40) (km) 

dq intermediate distance in calculating de, eq. (222) (km) 

ds scattering distance, eq. (165) (km) 

dsL smooth earth horizon distance with an obstacle horizon, eq. (41) (km) 

dx distance just beyond the radio horizon discussed after eq. (205) (km) 

dz1,2 distances used in tropospheric scatter calculations, eqs. (167) (168) (km) 

dZ1,2 distances used in tropospheric scatter calculations, eqs. (184) (185) (km) 

D/U (q) desired to undesired signal ratio, eq. (10) (dB) 

Dv divergence factor, eq. (116) 

d0 largest distance in the LoS region where the diffraction component is negligible, eq. (157) 

(km) 

d3,4 distances that are intermediate values in the rounded diffraction calculations, eqs. (53) (54) 

(km) 

d5 intermediate distance in LoS region, eq. (146) (km) 

D1,2 distances associated with θ1,2 respectively, eq. (103) (km) 

e.i.r.p. equivalent isotropically radiated power, eq. (6) (dBW) 
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f frequency, input parameter (MHz) 

fc counterpoise factor for RTc, eq. (295) 

fc1,2 intermediate parameter used to calculate the residual weighted height function, eq. (75) 

fg counterpoise factor for RTg, eq. (295) 

fm,∞ factors used in long term variability discussed after eq. (226) 

fν,5 knife-edge diffraction factors, eqs. (87) (152) 

f2 factor used in long term variability, eq. (225) 

fθh factor used in long term variability, eq. (229) 

F fade margin, eq. (245) 

FAY specular reflection reduction factor, eq. (240) 

Fdσh surface roughness factor for diffuse reflections, eq. (122) 

Ffs LoS attenuation factor, eq. (158) 

Fr ray length factor, eq. (117) 

Fx1,2 intermediate parameters for rounded earth diffraction calculations, eq. (67) 

F1,2 intermediate parameters for rounded earth diffraction calculations, eq. (66) 

FΔr reflection reduction factor, eq. (241) 

Fσh surface roughness factor for specular reflections, eq. (121) 

g(0.1,f) frequency gain factor, eq. (223) 

g(0.9,f) frequency gain factor, eq. (224) 

gD,R voltage gain factors, eqs. (125) (126) 

gD1,2 voltage gain factors Table 3 

ghD1,2 voltage gain factors, direct ray, horizontal polarization discussed after eq. (126) 

ghR1,2 voltage gain factors, reflected ray, horizontal polarization discussed after eq. (126) 

gRh gain factor, reflected ray, horizontal polarization, eq. (128) 

gR1,2 voltage gain relative to boresight discussed in § 6.2.3 

gvD1,2 voltage gain factors, direct ray, vertical polarization discussed after eq. (126) 

gvR1,2 voltage gain factors, reflected ray, horizontal polarization discussed after eq. (126) 

GET,R free space antenna gains for transmitting (T) and receiving (R) antennas, eq. (4) (dBi) 

GNT,R relative gain of a elevation angle for transmitting (T) and receiving (R) antennas discussed 

after eq. (4) (dBi) 

GR1,2 antenna gains, eq. (124) (dBi) 

GT,R main beam free space antenna gains for transmitting (T) and receiving (R) antennas discussed 

after eq. (4) (dBi) 

GW1,2 weighting factor for height gain function, eq. (76) (dBi) 

G1,2,3,4 intermediate parameters for rounded earth diffraction calculations, eq. (63) (dB) 

Gɦ1,2 values for the residual height gain function, eq. (77) (dB) 

GɦF1,2 residual height gain factor for F-O-ML path, eq. (79) (dB) 

GɦA1,2 residual height gain factor for O-A path, eq. (80) (dB) 

Gɦp1,2 residual height gain factor for a defined path, eq. (78) (dB) 

h height above mean sea level, eq. (15) (dB) 
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hc height of the counterpoise or ground plane above the facility height (hsml), input parameter 

(km) 

he effective antenna height discussed before eq. (31) (km) 

he1,2 effective heights for the lower (1) and higher (2) antennas, eq. (21) (km) 

hem2 effective aircraft altitude, eq. (144) (km) 

hep1,2 effective heights for lower (1) and higher (2) antennas for paths defined for diffraction, eq. 

(47) (km) 

hfc height of the lower antenna above the counterpoise or ground plane, eq. (19) (km) 

hL1,2 horizon elevations above mean sea level for the lower (1) and higher (2) antennas (36), 

eq. (45) (km) 

hLE1,2 horizon elevation for lower (1) and higher (2) antennas (29) (km) 

hLr1,2 horizon elevations above effective reflecting surface for the lower (1) and higher (2) 

antennas, eqs. (37) (44) (km) 

hr reflecting surface height, input parameter (km) 

hr1,2 heights above the effective reflection surface for the lower (1) and higher (2) antennas, 

eq. (18) (km) 

hsl height of lower antenna above the facility height, input parameter (km) 

hsml height of the facility above mean sea level, input parameter (km) 

hv height of the scattering volume, eq. (186) (km) 

h1,2 heights above mean sea level for lower (1) and higher (2) antennas, eq. (18) (km) 

ɦ1,2 intermediate values for smooth earth diffraction calculations for lower (1) and higher (2) 

antennas, eq. (74)  

Hc,q,t,z heights defined for atmospheric absorption calculations in Fig. 12 (km) 

H1,2 antenna heights above and perpendicular to the reflective surface, eqs. (100 a&b) (km) 

H1/3 values for significant wave height in Table 2 used in eq. (119) (m) 

Hϒ1,2 antenna heights above and perpendicular to the surface of the earth in Fig. 12 (km) 

H'1,2 antenna heights used in determining the two ray path, eq. (104) (km) 

ka adjusted earth radius factor in the two ray method in LoS region, eq. (97) 

K ratio between steady component of received power and the Rayleigh fading component used 

to determine correct Nakagami-Rice phase interference fading distribution value for 

tropospheric multipath calculations from Table 13 (dB)  

Kd1,2,3,4 intermediate parameters for rounded earth diffraction calculations, eq. (57) 

KF1,2 intermediate parameters for rounded earth diffraction calculations, eq. (59) 

KLoS parameter for tropospheric multipath calculations, eq. (246) 

KML KLoS value at d = dML, eq. (246) 

KT parameter for tropospheric multipath calculations, eq. (246) 

K1,2,3,4 intermediate parameters for rounded earth diffraction calculations, eq. (58) 

l total ray length for the tropospheric scattering attenuation, eq. (189) (km) 

l1,2 ray lengths for the tropospheric scattering attenuation, eq. (188) (km) 

L(q) transmission loss not exceeded during time period q, eq. (1) (dB) 

Lb(0.5) median basic transmission loss, eq. (2) (dB) 

Lbf free space basic transmission loss, eq. (206) (dB) 
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Lbr reference level for the basic transmission loss, eq. (3) (dB) 

Lgp antenna gain path loss, eq. (1) (dB) 

LoS Line of Sight 

msl mean sea level 

M number of transmission loss levels used in mixing distributions, § 11.5 

MA attenuation path slope for diffraction for O-A path defined in § 5.1 (dB/km) 

Md attenuation path slope for combined diffraction of beyond-the-horizon paths, eq. (93) 

(dB/km) 

MF slope of K value defined in § 5.1 (dB/km) 

ML slope of the diffraction attenuation line just inside the radio horizon, eq. (161) (dB/km) 

Mp attenuation path slope for diffraction, eq. (69) (dB/km) 

MS slope of successive scatter attenuation points discussed after eq. (205) (dB/km) 

n index used in ionospheric scintillation calculations, eq. (260) 

n1,2,3 values from Table 6 used in long term fading calculations, eq. (226) 

N refractivity for height h in an exponential atmosphere, eq.(15) (N-units) 

N number of distributions to be mixed, § 11.5  

N0 monthly mean surface refractivity, eq. (13) (N-units) 

NS surface refractivity relative to the reflecting surface height, eq. (13) (N-units) 

Pa(q) power available for at least time period q, eq. (5) (dBW) 

PTR total power radiated by the transmitting antenna, eq. (6) (dBW) 

q fraction of time availability 

q1,2 intermediate parameters used in tropospheric scattering calculations, eq. (201) 

Qa1,2 intermediate parameters used in tropospheric scattering calculations, eq. (174) 

QA1,2 intermediate parameters used in tropospheric scattering calculations, eq. (178) 

Qb1,2 intermediate parameters used in tropospheric scattering calculations, eq. (175) 

QB1,2 intermediate parameters used in tropospheric scattering calculations, eq. (179) 

QO1,2 intermediate parameters used in tropospheric scattering calculations, eq. (173) 

r ray length used in the free space loss calculation, eq. (208) (km) 

rBH ray length for beyond the horizon paths, eq. (210) (km) 

rc distance in a counterpoise calculation, eq. (287) (km) 

rL1,2 ray length from antenna 1 or antenna 2 to horizon, eq. (209) (km) 

r0 the length of the direct ray from antenna 1 to antenna 2 in the two ray model, eq. (106) (km) 

rs in-storm ray length, eq. (257) (km) 

rWH ray length for within the horizon paths, eq. (209) (km) 

r1,2 the length of the direct ray from antenna 1or antenna 2 to the ground in the two ray model 

Fig. 9 (km) 

r12 the length of the reflected ray from antenna 1 to antenna 2 in the two ray model, eq. (107) 

(km) 

Rc counterpoise reflection coefficient magnitude discussed after eq. (140) 

Rd diffuse reflection coefficient, eqs. (123) (243) 

Re,h,v reflection coefficient magnitudes for elliptical, horizontal, or vertical polarisation, eq. (138) 
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Reo,s,w partial effective ray lengths inside oxygen layer, rain storm layer, or water vapour layer, eqs. 

(217) (219) § 11.3 (km) 

Rg plane earth reflection coefficient magnitude, eq. (140) 

Rr reflected ray length ratio, eq. (115)  

Rs specular component of surface reflection multipath, eq. (242)  

RTc effective reflection coefficient associated with counterpoise reflection, eq. (285) 

RTg effective reflection coefficient associated with ground reflection, eq. (113) 

S modulus of symmetry for tropospheric scattering, eq. (194) 

Se scattering efficiency term for the tropospheric scattering attenuation, eq. (193) 

SR(q) power density at receiving antenna for at least time period q, eq. (7) (dBW/sq. m) 

Sν,g,c,5 Fresnel integrals, eqs. (86) (294) (153) 

SV scattering volume for tropospheric scatter calculations, eq. (204) (dB) 

T intermediate parameter for Gɦ1,2, eq. (77) 

T relaxation time used in the calculation of water surface constants from Table 4 

Teo,s,w storm height or layer thickness for oxygen layer, rain storm layer, or water vapour layer 

discussed in § 10.1.1 and § 11.3 (km) 

V variability levels used in mixing distributions, § 11.5 

V(0.5) parameter from eqs. (226) (237) 

Vc variability for specific climate or time block, eq. (262) 

Ve(0.5) variability adjustment term, eq. (231) 

VeI(q) initial value of variability adjustment term, eq. (230) 

W weighting factor between rounded earth and knife-edge diffraction, eq. (89) 

W weighting factors used in mixing distributions, § 11.5 

WA relative power level for the Rayleigh fading component associated with tropospheric 

multipath, eq. (248) 

WR relative power level for the Rayleigh fading component associated with tropospheric 

multipath, eq. (244) 

WRO relative power level for the Rayleigh fading component associated with surface reflection 

multipath, eq. (159) 

W1,2 intermediate parameters for rounded earth diffraction calculations, eq. (64) 

Xa parameter used in tropospheric scatter calculations, eq. (183) 

XA1,2 parameter used in tropospheric scatter calculations, eq. (187) 

Xv1,2 parameter used in tropospheric scatter calculations, eqs. (199) (200) 

X1,2,3,4 intermediate parameters for rounded earth diffraction calculations, eqs. (61) (62) 

y1,2 intermediate parameters for rounded earth diffraction calculations, eq. (65) 

Y(q) variability of hourly median received power about the median, eq. (228) (dB) 

Y(0.1) reference variability level of hourly received power of the channel used to calculate other 

percentiles, eq. (227) (dB) 

Y(0.9) reference variability level of hourly received power of the channel used to calculate other 

percentiles, eq. (227) (dB) 

YC complex parameter used in the calculation of the plane earth reflection coefficient, eq. (262) 
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YDU(q) total variability of desired to undesired signal ratios YDU(0.5) = 0, eq. (12) 

Ye(q) effective variability of hourly median received power about the median, eqs.(235) (236) (dB) 

YeI(q) initial value of the effective variability of hourly median received power about the median, 

eq. (230) (dB) 

YI(q) variability associated with ionospheric scintillation, eq. (261) (dB) 

Y0(0.1) reference variability level used to calculate Y(0.1), eqs. (226) (237) (dB) 

Y0(0.9) reference variability level used to calculate Y(0.9), eq. (226) (237) (dB) 

Yr(q) variability associated with rain attenuation, eq. (258) (dB) 

YT(q) top limiting level in the lobing mode in the LoS region, eq. (232)  

Yν intermediate parameter to calculate νg, eq. (289)  

Y136(q) variability that is associated with ionospheric scintillation at 136 MHz, § 11.4 

Yπ(q) short term variability associated with multipath, Fig. 4 (dB) 

Y(q) total variability, eq. (220) (dB) 

z intermediate parameter for the two ray model in the LoS region, eq. (96) 

za1,2 intermediate parameters used in tropospheric scatter calculations, eq. (171) (km) 

zb1,2 intermediate parameters used in tropospheric scatter calculations, eq. (172) (km) 

z1,2 heights of antennas including the effective earth radius, eq. (101) (km) 

Za1,2 intermediate parameters used in tropospheric scatter calculations, eq. (176) (km) 

Zb1,2 intermediate parameters used in tropospheric scatter calculations, eq. (177) (km) 

ZA1,2 intermediate parameters used in tropospheric scatter calculations, eq. (182) (km) 

α angle from Fig. 9, eq. (109) (rad) 

β angle used in atmospheric absorption calculations defined in § 10.1 

γ index for parameters used in atmospheric absorption calculations in § 10.1 

γe intermediate parameter used in tropospheric scatter calculations, eq. (170) 

γoo,w surface absorption rates for oxygen, water vapor, Fig. 13 

δ parameter used in surface roughness factor calculation, eq. (120) 

∆h terrain height, input parameter (km) 

∆ha1,2 effective altitude correction factors of the lower (1) and higher (2) antennas, eq. (99) (km) 

∆hd interdecile range of terrain heights, eq. (118) (m) 

∆he1,2 difference between the actual and effective heights of the lower (1) and higher (2) antennas, 

eq. (22) (km) 

∆hm ∆h expressed in metres in eq. (118) 

∆N differential refractivity for ray tracing, eq. (16) (N-units) 

∆r difference between the lengths of the direct ray and the reflected ray in the two ray model, 

eq. (95) (km) 

ε dielectric constant, input parameter 

εc complex dielectric constant, eq. (136) 

εo dielectric constant representing the sum of electronic and atomic polarisations, § 6.2.4 

εs static dielectric constant for water, Table 4 

ε1,2 parameters used in tropospheric scatter calculations, eqs. (190) (191) 

η parameter used in tropospheric scatter calculations, eq. (195) 
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ϑ angle in tropospheric scatter calculations, eq. (192) (rad) 

λm wavelength of defined frequency in metres, eq. (9) (m) 

θ scattering angle for the tropospheric scattering attenuation, As, eq. (181) (rad) 

θa1,2 angles used in calculating the scattering angle, eq. (164) (rad) 

θA1,2 angles used in tropospheric scatter calculations, eq.(180) (rad) 

θce counterpoise angle defined in Fig. 17, eq. (286) (rad) 

θe1,2 horizon elevation angles for lower (1) and higher (2) antennas, eqs. (38) (46) (rad) 

θeE1 horizon elevation angle for intermediate calculations, eq. (33) (rad) 

θesR1,2 ray elevation and central angles for lower (1) and higher (2) antennas from ray tracing, § 4.1 

(rad) 

θes1,2 effective ray elevation and central angles for lower (1) and higher (2) antennas, eq. (27) (rad) 

θe5 angle used in the LoS transition region calculations, eq. (147) (rad) 

θg1,2 elevation angles of the ground reflected rays, eq. (133) (rad) 

θh1,2 parameters to calculate θH1,2, eq. (109) (rad) 

θh5 angle in eq. (142) (rad) 

θH1,2 direct ray elevation angles, eq. (132) (rad) 

θFL magnitude of earth facility latitude, input parameter (deg) 

θkg,c angles associated with a counterpoise defined in Figs 17, 18, eqs. (288) (290) (rad) 

θL elevation angle of horizon to higher antenna ray from lower antenna horizon, eq. (39) (rad) 

θL1,2 horizon elevation angle adjustment terms, eq. (131) (rad) 

θr1,2 angles used in two ray geometry calculations, eq. (110) (rad) 

θs angle used in scattering region calculations, eq. (166) (rad)  

θsR1,2 ray elevation angles for lower (1) and higher (2) antennas from Fig. 4, eq. (20) (rad) 

θs1,2 smooth earth ray elevation and central angles for lower (1) and higher (2) antennas, eq. (26) 

(rad)  

θν diffraction angle for the O-A path, eq. (83) (rad) 

θ0 central angle used in two ray geometry calculations, eq. (111) (rad) 

θ1,2 angles associated with effective earth radius from Fig. 9, eq. (102) (rad) 

θ3,4 angles that are intermediate values for rounded earth diffraction calculations, eqs. (50) (51) 

(rad) 

θ5 angle used in the LoS transition region calculations, eq. (143) (rad) 

θ6 angle used in the LoS transition region calculations, eq. (148) (rad) 

κ wave number, eq. (196) (km–1) 

σ surface conductivity, input parameter (mho/m)  

σh root mean square deviation of terrain and terrain clutter within the limits of the first Fresnel 

zone, eq. (119) (m) 

σi ionic conductivity for water from Table 4 (mho/m) 

φ phase advance associated with complex earth reflection coefficient (rad) 

φg,c phase shift of effective reflection coefficient for ground or counterpoise reflection, eqs. (113) 

(285) (rad) 

φkg,c phase shift for knife-edge diffraction for ground or counterpoise, eq. (296) (rad) 
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φTg,c total phase shift of effective reflection coefficient for ground or counterpoise reflection, eq. 

(141) (rad) 

ɦ1,2 intermediate parameters in diffraction calculations, eq. (74) 

δ parameter in Fresnel zone calculations, eq. (120) 

ψ grazing angle from Fig. 9 discussed in § 6.1 (rad) 

ν Fresnel parameter for knife edge diffraction calculations, eq. (84) (rad) 

νg,c,5 knife-edge diffraction parameters, eqs. (291) (292) (149) 

 

 

Attachment 3 

 

Data sets from Figs 13 and 16 

Gaseous absorption data from Fig. 13: 

Frequency (GHz) Oxygen absorption Water vapour absorption 

0.1 0.00019 0 

0.15 0.00042 0 

0.205 0.0007 0 

0.3 0.00096 0 

0.325 0.0013 0 

0.35 0.0015 0 

0.4 0.0018 0 

0.55 0.0024 0 

0.7 0.003 0 

1 0.0042 0 

1.52 0.005 0 

2 0.007 0 

3 0.0088 0 

3.4 0.0092 0.0001 

4 0.01 0.00017 

4.9 0.011 0.00034 

8.3 0.014 0.0021 

10.2 0.015 0.009 

15 0.017 0.025 

17 0.018 0.045 

20 0.02 0.1 

22 0.021 0.22 

23 0.022 0.2 

25 0.024 0.16 

26 0.027 0.15 
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Frequency (GHz) Oxygen absorption Water vapour absorption 

30 0.03 0.11 

32 0.032 0.14 

33 0.035 0.1 

35 0.04 0.099 

37 0.044 0.098 

38 0.05 0.0963 

40 0.06 0.0967 

42 0.07 0.0981 

43 0.09 0.0987 

44 0.1 0.099 

47 0.15 0.1 

48 0.23 0.101 

51 0.5 0.103 

54 1.8 0.109 

58 4 0.118 

59 7 0.12 

60 15 0.122 

61 8 0.127 

62 5 0.13 

63 3 0.132 

64 1.7 0.138 

68 1.2 0.154 

70 0.9 0.161 

72 0.5 0.175 

76 0.35 0.2 

84 0.2 0.25 

90 0.14 0.34 

100 0.1 0.56 

 

Scintillation data from Fig. 16: 

 Variability about median signal level (dB) 

Scintillation index group 0 1 2 3 4 5 

Time %       

0.001 0 4.4 5.8 10.8 13.7 14.5 

0.002 0 4.2 5.5 10.2 13 13.8 

0.005 0 3.9 5 9.2 12 13 

0.01 0 3.6 4.7 8.2 11.1 12.4 

0.02 0 3.4 4.4 7.6 10.3 11.7 

0.05 0 3.05 3.95 6.5 9.2 10.7 
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 Variability about median signal level (dB) 

Scintillation index group 0 1 2 3 4 5 

Time %       

0.1 0 2.8 3.65 5.8 8.4 10 

0.2 0 2.55 3.35 5.2 7.5 9.5 

0.5 0 2.15 2.9 4.35 6.35 8.2 

1 0 1.85 2.55 3.8 5.45 7.5 

2 0 1.55 2.2 3.25 4.55 6.55 

5 0 1.1 1.65 2.5 3.4 5.2 

10 0 0.8 1.2 1.8 2.55 4 

15 0 0.6 0.95 1.4 2 3.2 

20 0 0.4 0.75 1.1 1.6 2.6 

30 0 0.2 0.45 0.7 0.98 1.6 

40 0 0.05 0.2 0.3 0.5 0.75 

50 0 0 0 0 0 0 

60 0 –0.15 –0.3 –0.35 –0.5 –0.8 

70 0 –0.35 –0.55 –0.7 –1 –1.7 

80 0 –0.6 –0.9 –1.2 –1.8 –2.95 

85 0 –0.7 –1.1 –1.5 –2.4 –3.8 

90 0 –0.9 –1.4 –1.9 –3.1 –5 

95 0 –1.3 –2 –2.6 –4.4 –7.05 

98 0 –1.8 –2.6 –3.5 –6 –9.8 

99 0 –2.15 –3.1 –4.2 –7.2 –12.2 

99.5 0 –2.55 –3.65 –4.95 –8.5 –15 

99.8 0 –3.05 –4.4 –6.05 –10 –19.1 

99.9 0 –3.5 –5 –7 –11.1 –22.2 

99.95 0 –4 –5.6 –7.9 –12.2 –25.8 

99.98 0 –4.6 –6.5 –9.1 –14 –30.2 

99.99 0 –5 –7.2 –10 –15.4 –34 

99.995 0 –5.5 –8 –11 –16.7 –37.2 

99.998 0 –6.2 –9.2 –12.4 –18.4 –42.5 

99.999 0 –6.6 –10.1 –13.4 –19.5 –46 
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