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I.Introduction: 

 

Radio-wave propagation plays an important part in the design and performance of space 

communications systems. The degrading effect of precipitation in the transmission path is the 

major concern associated with space communication systems, particularly for those operating 

above 10 GHz. At these frequencies, absorption and scattering caused by rain, hail, ice crystals, or 

wet snow can cause a reduction in transmitted signal amplitude (attenuation) which reduces the 

reliability and performance of the space communication link. Other effects can be generated by 

precipitation on the earth-space path. They include depolarization, rapid amplitude and phase 

fluctuations (scintillations), antenna gain degradation and bandwidth coherence reduction.  

Even apparent “clear sky” conditions can produce propagation effects which can degrade or 

change the transmitted radio wave. Constituent gases in the earth’s atmosphere, particularly 

oxygen and water vapor, interact with the radio wave and reduce the signal amplitude by an 

absorption process, Turbulence or rapid temperature variations in the transmission path can cause 

amplitude and phase scintillations or depolarize the wave. Clouds, fog, dirt, sand, and even severe 

air pollution can cause observable propagation effects. Finally, background sky noise is always 

present and contributes directly to the noise performance of the communications receiver system. 

The relative importance of the radio-wave propagation factors discussed above depends to a 

large extent on the frequency of operation of the earth-space link, as well as on the local 

climatology, local geography, type of transmission, and elevation angle to the satellite. Generally, 

the effects become more significant as the frequency increases and as the elevation angle 

decreases; however, there are exceptions. The randomness and general unpredictability of the 

phenomena which produce the propagation effects adds a further dimension of complexity and 

uncertainty in the elevation of radio-wave propagation in space communications, and statistical 

approaches have been found to be most useful to evaluate many of the problem areas. 

Before beginning the discussion of propagation effects and explaining the SC-EXCELL upgraded 

model, a brief review of the historical development of space communications will be helpful in 

pointing out some of the trends and developments which have had a direct bearing on the type of 

propagation phenomena that are important in space communications. 
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 II.Evolution of Satellite Communications: 

 

The growth in the number of orbiting satellites launched for space science and applications over 

the past two decades has been phenomenal. Prior to 1970, only a handful of communication 

satellites were in active geosynchronous orbit. The interval 1970-1974 saw over two dozen more 

geosynchronous satellites of Canada and the USRR. The period 1975-1979 produced over seventy 

new satellites in orbit, including several which introduced new services in the meteorological, 

mobile, and direct broadcast areas. The decade of the 1980’s brought an explosion of new 

satellites, services, and capabilities.  

 

II.1.The frequency Spectrum and Sharing 

 

There are three major trends in the 

development satellite communication 

which have increased the need of 

further awareness and understanding 

of the propagation factors involved. 

First, the rapid increase in the 

utilization of the frequency spectrum 

in bands below 6 GHz which are 

allocated for satellite services has 

produced conditions of spectrum 

crowding and sharing which have 

required the system designer to look 

to higher frequency bands to relieve 

congestion. The bands allocated for 

fixed satellite service in the 12/14 GHz 

and 20/30 GHz bands and for broadcast satellite service in the 11.7/12.2 GHz band are already 

being utilized on present experimental satellites and are planned for operational systems over the 

Fig 1. Utilization of frequency bands in the development of 

geosynchronous satellites (placed into orbit or planned) from 1965 to 

1984. 
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next several years. Allocations for many other space services, including space research, earth-

exploration, meteorogical, mobile communication, and radio navigation, are available from 10 GHz 

to well over 100 GHz. Most of these allocations are exclusive, that is, they are not shared with 

other space or terrestrial services, and this makes them attractive due to the lack of potential 

sharing and coordination problems that are present in the bands below 10 GHz. The trend to higher 

and higher operational frequencies can be seen on Fig. 1, which shows the number of 

geosynchronous satellites in each of a series of increasing  frequency bands launched in orbit up to 

the 1985. 

 

II.2.Communication Traffic Growth 

 

A second major trend to satellite communications that has tended to push the development of 

satellite systems to higher operating frequencies has been the expanded need for more bandwidth 

to accommodate the exploding information transfer requirements of our technological society. 

Present fixed satellite service allocations in the 4/6 GHz and 7/8 GHz bands, which support virtually 

all domestic, international, and military communications presently in operation, totals 500 MHz in 

each of the two bands. Above 10 GHz, however the available bandwidth expands drastically. 

Present allocations developed at the 1979 World Administrative Radio Conference (WARC) provide 

for bandwidth of over 500 MHz in the 12/14 GHz region, 3.5 GHz in the 20/30 GHz region, and 3 

GHz in the 40/43 GHz region. The total bandwidth presently allocated to fixed satellite service in 

the bands above 10 GHz is over 40 GHz, extending to the upper limit of allocations at 275 GHz. 

 

II.3.Orbit Congestion 

 

A third factor in the movement to higher operating frequencies concerns the limited number of 

orbital positions or “slots” available in the geostationary orbit for space communications. For 

example, the segment of the geostationary arc permitting the use of ground station elevation 

angles above 5° for the contiguous 48 United States is from 60 to 140° West Longitude. Assuming a 

nominal spacing between fixed services communications satellites of 4°, which is typical for 

satellites operating in the 4/6 GHz band, 20 slots are available. For a spacing of 3°, which is typical 
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for satellites operating at 12/14 GHz, the total is 27 slots. If coverage is to be provided to all 50 

states, the usable segment reduces to 100 to 140°, and the number of slots in the two bands 

becomes 10 and 13, respectively. 

A number of techniques have been proposed or are under active development for more efficient 

utilization of the orbital arc. These techniques include frequency reuse employing polarization and 

spatial diversity, spot beams for increased link reliability during adverse weather conditions, 

multiple beam satellite antennas switched of scanned to cover large service areas, and larger 

aperture narrow bandwidth systems to reduce intersatellite interference. All of these techniques, 

particularly those requiring larger aperture antennas and multiple beam switching, can be most 

efficiently accomplished at the higher frequencies, where component size and weight are more 

compatible with space-borne constraints.  

In the next section the fundamental radio-wave propagation factors of importance to space 

communications systems (operating in the bands above 1 GHz) are discussed.  

 

III.Fundamentals of Radio-Wave Propagation: 

III.1.Transmission Principles 

 

An electromagnetic wave, referred to as a radio wave at radio frequencies, is characterized by 

variations of electric and magnetic fields. The oscillating motion of the field variations vibrating at a 

particular point in space at a frequency f excites similar vibrations at neighboring points, and the 

radio wave is said to travel or “propagate”. The wavelength λ of the radio wave is the spatial 

separation of two successive oscillations, which is the distance the wave travels during one cycle of 

oscillation. The frequency and wavelength in free space are related by λ=c/f, where c is the phase 

velocity of light.  

The power density, in watts per square meter, of a radio wave propagating from a source is 

inversely proportional to the square of the distance to the source. From this result, often called the 

inverse square law of radiation, a free-space attenuation, or transmission loss, usually expressed in 

decibels, between two points in a radio-wave link is found as:  
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where La is the free-space attenuation, in decibels (a positive value), λ is the wavelength, d is the 

distance between the transmitting point and the receiving point, and d and λ are expressed in the 

same unit of length. 

Free-space attenuation is present for all radio waves propagating in free space or in regions 

whose characteristics approximate the uniformity of free space, such as the earth’s atmosphere. 

The frequency of the radio wave is a critical factor in determining if other impairments to space 

communications will be introduced by the earth’s atmosphere in addition to the free-space 

attenuation determined by the separation distance between transmitter and receiver. The radio 

wave will propagate from the earth’s surface to outer space provided its frequency is high enough 

to penetrate the ionosphere, which is the ionized region extending from about 50 km to roughly 

2000 km above the surface. The various regions (or layers) in the ionosphere, designated D,E,F, 

respectively, in order of increasing altitude, act as reflectors or absorbers to radio waves at 

frequencies below about 10 to 20 MHz, and space communications are not practical. As the 

frequency increases, the reflection properties of the E and F layers are reduced and the signal will 

propagate through the ionosphere; however, the properties of the wave could be modified or 

degraded to varying degrees depending on frequency, geographic location and time of day. 

Ionospheric effects tend to become less significant as the frequency of the wave increases, and 

above 3 GHz the ionosphere is essentially transparent to space communications, with some 

notable exceptions.  

Space communications above the Ionospheric penetration frequency of above 30 MHz will 

proceed unimpeded as the frequency of transmission is increased up to frequencies where the 

gaseous constituents of the lower atmosphere, or troposphere, primarily oxygen and water vapor, 

will absorb energy from the radio wave. At certain specific “absorption bands”, where the radio 

wave and gaseous interactions are particularly intense, space communications are severely limited. 

It is in the “atmospheric windows” between absorption bands that practical earth-space 

communications have developed. 

The table below lists the major radio-wave propagation factors which are significant in space 

communications operating in the atmospheric windows up to about 100 GHz.  
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TABLE I 

MAJOR RADIO-WAVE PROPAGATION FACTORS IN SPACE COMMUNICATIONS 

 ATTENUATION: (Absorption) caused by atmospheric gases. 

 ATTENUATION: (Scattering & Absorption) by hydrometeors (Rain, Hail, Wet Snow, Cloud, etc.). 

 DEPOLARIZATION: by hydrometeors, multipath, and Faraday rotation. 

 NOISE EMISSION: due to gaseous absorption and hydrometeors. 

 SCITILLATION: (Rapid Variations) of amplitude and phase caused by turbulence or refractive index 

irregularities. 

 ANGLE OF ARRIVAL VARIATIONS: due to small scale fluctuations in refractive index. 

 BANDWIDTH LIMITATIONS: due to multipath and dispersive properties of atmosphere. 

 ANTENNA GAIN DEGRADATIONS: due to phase decorrelation across aperture.   

 

III.2.Gaseous Absorption 

 

There are many gaseous constituents of the earth’s atmosphere which can interact with 

electromagnetic waves; however, at radio-wave frequencies only oxygen and water vapor will 

produce significant absorption. The first three absorption bands are centered at frequencies of 22.2 

GHz (H2O), 60 GHz (O2), and 118.8 GHz (O2). The permanent magnetic moment of the oxygen 

molecule interacts with the magnetic field of the radio wave, while the water vapor molecule 

electric dipole interacts with the electric field of the wave, producing a quantum level change in 

rotational energy of the molecule, which absorbs energy from the radio wave. The frequency 

dependence of the absorption has been found to depend on an empirical line width constant which 

is a function of temperature, pressure, and the humidity of the atmosphere. All of these 

parameters are highly variable with altitude, location, season of the year, and time of the day. 

The total gaseous attenuation in the atmosphere A over a path length r0 (km) is given by:  

                         
  

 

 

where   and    are the attenuation coefficients (in decibels per kilometer) for oxygen and water 

vapor, respectively. 

Calculations of gaseous attenuation for the total atmosphere slant path have been developed 

from a regression analysis of global surface temperature and absolute humidity data.  
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Fig 2.Attenuation coefficients for oxygen and water vapor from 1 to 350 GHz 

Fig 3. Total one-way zenith attenuation through the atmosphere as a function of frequency. 

Curve A, moderate humidity (7.5 g/m
3
 at surface); curve B, dry atmosphere (0 g/m

3
). Region R is 

range of values due to fine structure. 



Document: SC-EXCELL XPD 

upgrade 

TFG Memory 

SC-EXCELL XPD 

upgrade 

 
Date: 28/05/2014 

Ricard Pinar Riasol 

Page 12 of 115 

 

IV.Prediction Models:SC-EXCELL 

 

Rain attenuation is the dominant atmospheric impairment for satellite communication systems 

operating with middle and high availabilities at any frequency above 10 GHz. Since the early 1970’s, 

extensive studies on this topic have been carried out, both through long lasting measurement 

campaigns and through theoretical approaches which have led to the development of various 

models aimed at predicting rain attenuation statistics.  

Prediction models can be subdivided in two broad categories according to the approach they 

use. One solution is adopted in analytical models, that employ empirical algorithms with simplified 

assumptions, very often these models derive the whole cumulative distribution function (CDF) of 

attenuation P(A) (whose analytical expression is assumed a-priori) from the rain intensity R(P), 

relative to a certain cumulative probability level P (typically P = 0.01%), taking into account the 

spatial (both vertical and horizontal) variability of the precipitation fields by means of empirical or 

semi-empirical effective parameters. In this class, the ITU-R model, assumes an a-priori shape of 

the P(A) and requires as input R(0.01%). An alternative solution, adopted in most of the 

attenuation prediction models in the literature, considers a semi-physical approach to the problem. 

Models in this class often aim at representing the precipitation by means of a population of rain 

cells of certain shapes and with some stochastic parameters. In this case, the cumulative statistics 

of attenuation along a slant path can be derived from the cumulative statistics of point rainfall 

intensity, P(R), by simulating the interaction of the various rain cells with the transmission link. 

Bryant and exponential cell (EXCELL) are just some examples of this type of models, defined in the 

following as semi-physical. 

One relevant issue for radio wave propagation modelling is the different effect of diffuse light 

rain, with limited vertical extends and large horizontal spread, with respect to intense showers, 

extended in height but covering a limited area. In the following they will be defined as stratiform 

and convective rain, respectively. Semi-physical models for rain attenuation can be improved by 

representing both types of precipitation separately. This approach would also benefit the modelling 

of other propagation parameters related to rain such as interference due to rain scatter and site 

diversity gain.  
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This classification of precipitation into stratiform or convective should lead to substantial 

improvements in the attenuation prediction accuracy, due to the different input parameters, for 

the two precipitation types (typically rain height) and to the inclusion of the melting layer 

attenuation contribution, whose impact has been observed during stratiform rain.  

With the aim of improving the attenuation prediction accuracy by means of an accurate 

modelling of the different local meteorological characteristics, we have developed a model that 

reproduces the physical mechanism underlying the precipitation-attenuation phenomena as much 

as possible. The model presented here is an enhanced version of the EXCELL rain attenuation 

model, which analogously to the original one predicts attenuation through a population of 

synthetic cells. The new model, hereinafter named “SC EXCELL”, includes an algorithm for the 

stratiform/convective rain type discrimination and takes explicitly into account the melting layer 

contribution to attenuation.  

 

IV.1.The Physical Rain Model 

 

Developed in 1987 at Politecnico di Milano, as a general model for various propagation effects, 

the original EX-CELL model assumes that the precipitation field at any location can be statistically 

modeled by an ensemble of isolated synthetic cells with rotational symmetry, different radius and 

peak rain rate. Rain intensity inside the cells is horizontally exponentially distributed, but constant 

along the vertical: one location differs from another one because of the different cell’s probability 

of occurrence.  

IV.1.1.The Lowered EXCELL model 

In this thesis, a slightly modified version of the EXCELL model, referred to as “Lowered EXCELL” is 

employed. In order to limit the extent of the synthetic cell to a finite value, the lowering factor R low 

[mm/h] is introduced and the rain profile R(ρ) is modified as:  

                
 

 
                     

                                                         

  

where ρ[km] is the distance from the cell peak, RM  [mm/h], and                    [km] 

is the distance from the cell centre at which the rain profile R(ρ) is zero. Finally     [km] is the 

radius of the cell such that: 
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where Rlow is small compared to RM (i.e., Rlow ≤ 1 mm/h), which is always the case. In practice, Rlow is 

introduced also in the log –power model: 

         
  

           

      
  

which is used to fit the local long-term cumulative distribution function of rain rate R [mm/h], P(R), 

to derive the cell’s probability of occurrence.  

 

*MatLab Code: 

Then, the MatLab code in order to represent that rain cells is the next one:  

function rainCell(Rmax,rho0) 

  
Rlow = 1; 

  
%Plot the Rain Cell in 2D and in 3D in the same figure 
rhot = rho0*log((Rmax/Rlow)+1); 
rho = linspace(-rhot,rhot,101); 

  
%Plot the Rain Cell in 2D 
for i=1:length(rho) 
    if(rho <= rhot) 
        R(i) = (Rmax+Rlow)*exp(-abs(rho(i))/rho0)-Rlow; 
    else 
        R(i) = 0; 
    end 
end 

  
figure(1); 
subplot(1,2,2),plot(rho,R,'b'); 
title(['Rain Cell of Rmax = ',num2str(Rmax),' mm/h and \rho_t = 

',num2str(rhot),' km']); 
xlabel('\rho [km]'), ylabel('Rmax [mm/h]'); 
grid on; 

  
%Plot the Rain Cell in 3D 
x = rho; 
y = x; 
[xx,yy] = meshgrid(x,y); 
R = (Rmax+Rlow)*exp(-sqrt(xx.^2+yy.^2)/rho0)-Rlow; 
lowers = find(R < 0); 

  
for i=1:length(lowers) 
    R(lowers(i)) = 0; 
end 

  
subplot(1,2,1),mesh(xx,yy,R); 
axis([-rhot rhot -rhot rhot 0 Rmax]); 
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title(['Rain Cell of Rmax = ',num2str(Rmax),' mm/h and \rho_t = 

',num2str(rhot),' km']); 
xlabel('\rho [km]'),ylabel('\rho [km]'),zlabel('R [mm/h]'); 

 

Then we can see some examples of application of this code.  

 

 

 

 

 

In the figure above it is possible to observe the exponential behavior of the Rain cell as in the center of it, 

the rain rate, R, is higher than in the other parts, where it decreases exponentially as could be seen in the 

right graphic of the picture above. It is also possible to observe that if the distance from the center of the 

cell, ρ is bigger than   , the rain rate in that point results zero. This could be observed in the left 

graphic where we could see points where the rain rate is zero.  

 

Fig 4.Graphic representation of a Rain Cell with Rmax of 5 mm/h and a     of 2.5 km. At the left 

side we could see a 3-D representation of the cell. At the right side we could see a 2-D 

representation of a centered slice of the rain cell. 
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Let’s see another example:  

 

 

 

 

As we could see, now the profile of rain has a shaper form, because in the center of the rain cell 

it is raining with an intensity of 235 mm/h, but in the extreme of the cell that rain rate has to be 

reduced to zero, so in the middle distances the slope of the curve is more pronounced, making the 

rain rate to decrease at a higher rate when we move away from the center.  

In this example is also possible to observe that the distance from the center in which the rain 

rate results 0 mm/h is completely different from the radius of the cell    . In that example, the 

radius of the cell is of 5 km, but the distance from the center of the cell in which the rain rate 

decreases to 0 mm/h results to be 27.3192 km.  

Fig 5.Graphic representation of a Rain Cell with Rmax of 235 mm/h and a     of 5 km. At the left 

side we could see a 3-D representation of the cell. At the right side we could see a 2-D 

representation of a centered slice of the rain cell. 
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We have to take care, because in the code it is considered a Rlow of 1 mm/h, if you change that 

Rlow, the profile of rain in the rain cell would change.  

Let’s see a last example:  

 

 

 

 

As we could see, now the profile of rain has a flatter shape, because in the center of the rain cell 

it is raining with an intensity of 1 mm/h (which is a lower one), and the points of the cell in which 

the rain rate has to be zero, are very far, so the rain profile has to has a low slope in order to be 

continuous and exponential.  

In this example is also possible to observe that the distance from the center in which the rain 

rate results 0 mm/h is completely different from the radius of the cell    . In this example, the 

Fig 6.Graphic representation of a Rain Cell with Rmax of 1 mm/h and a     of 50 km. At the left 

side we could see a 3-D representation of the cell. At the right side we could see a 2-D 

representation of a centered slice of the rain cell. 
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radius of the cell is 50 km, but the distance from the center of the cell in which the rain rate 

decreases to 0 mm/h results to be 34.6574 km. 

With these last two examples we observe that is possible that    has a bigger or a lower value 

than the radius of the cell, it depends on the radius and the maximum rain rate of the rain cell.   

 

IV.1.2.Types of Precipitation 

The generation and evolution of clouds is a very complex meteorological process. Generally, 

clouds originate from the fusion of cold and warm air flows, but the result is different, depending 

on the way in which air masses interact. For radio wave propagation modeling, two different types 

of precipitating clouds can be identified:  

1. Cumulus: warm air tends to move towards higher layers and to get cold very quickly. 

This process gives rise to fast warm updrafts and cold downdrafts, generated by the 

sudden temperature decrease (due to condensation) of the highest air levels. This 

mechanism causes a convective air motion and produces clouds whose associated 

rain is often characterized by extremely intense values (even up to 200 mm/h), short 

duration and large vertical, but limited horizontal extent. 

2. Stratus: warm air masses move horizontally below cold air masses, thus leading to 

much extended cloud formations (some hundred of kilometers) at low altitude. The 

result is precipitation characterized by low intensity and duration.  

 

 

 

 

 

 

 

 

 

 

 

Fig 7. At the left side, cumulus cloud. At the right side, stratus cloud. 
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Occasionally, the two types of precipitation coexist, giving rise to very extended stratiform rain 

with embedded small convective areas.  

Stratiform and convective precipitation have different space time evolution and different impact 

on radio waves propagation. Therefore, in order to maintain he model as close as possible to the 

physical mechanisms that generate precipitations, a subdivision of the yearly P(R)year into stratiform 

P(R)str and convective P(R)cnv is performed:  

                         

The separation of P(R)year into stratiform and convective distributions employs the Lowered 

EXCELL by assuming that, in stratiform rain, the maximum rainfall rate hardly exceeds 10 mm/h. A 

threshold value RM,th of the cell’s peak rain rate that discriminates stratiform from convective cells 

is defined. Rain cells with RM <  RM,th generate P(R)str. The value RM,th is set to be larger than 10 

mm/h to account for the sharper peak of the exponential synthetic rain cells with respect to the 

real ones. Hence the chosen threshold of 10 mm/h is applied to the rainfall rate averaged over an 

area of 1 km2 around the exponential cell peak. Moreover, RM,th is an average threshold calculated 

by weighting all the cells on the scene with their probability of occurrence: consequently, RM,th is 

site dependent and as a matter of fact, ranges between 14 mm/h and 17 mm/h, according to the 

input P(R).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. Stratiform and convective P(R) for Rome (left) and Miami (right). 
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An example of rain discrimination results is shown in Fig. 8, for Rome (latitude 41.87° N, 

longitude 12.48° E, 8 years of data) and Miami (latitude 25.65° N, longitude 80.43° W, 40 years of 

data). The local threshold for stratiform and convective rain separation resulted to be 15.2 mm/h 

and 16.6 mm/h for Rome and Miami, respectively. Despite similar values of RM,th, the different 

estimate of the stratiform and convective rain amounts, reflecting the different climate of the two 

sites, can be easily noticed: since Miami is characterized by a subtropical climate, the contribution 

of stratiform cells is definitely less marked than the one of convective cells, whereas in Rome the 

occurrence of stratiform and convective cells is more balanced.  

 

IV.1.3.Rain Height 

As previously mentioned, stratiform and convective phenomena are characterized by different 

spatial structures and also different space-time evolution. The height up to which rain occurs plays, 

in particular, an important role in estimating fade values. 

In the original EXCELL model, cells have constant vertical rain intensity profile up to the rain 

height recommended by ITU-R Rec. P.839-2, whose yearly mean value is provided as a function of 

the geographical coordinates of the site. The SC EXCELLL derives the mean physical rain height from 

the ERA-15 database, provided by the ECMWF (European Centre of Medium-Range Weather 

Forecast), which contains 15 years of vertical profiles and integrated values of several atmospheric 

parameters, results a re-analysis of numerical weather predictions. In particular, the monthly mean 

value of the 0°C isotherm height hi [km] (conditioned to the presence of rain), the monthly mean 

value of the 6-hour rainy periods probability, pi, and the monthly mean values of the βi (β is defined 

as the ratio between the convective and the total rain amounts calculated over each successive 6 

hour period, as estimated by the ECMWF forecast process for the ERA-15 database) are extracted 

from the database. 

The stratiform (hstr) and convective (hcnv) rain heights are calculated, as weighted averages, 

according to the following equations:  
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where        , and i = 1,…,12 is the index of the month. Note that in the equations all months 

contributed to the calculation of both convective and stratiform rain heights through the 

coefficients     and    and through the quantity   , that accounts for how often a month is 

experiencing precipitation phenomena and, therefore, how much it impacts on the determination 

of the average rain height.  

As an example, for the previous example, the average values derived for Rome and Miami are: 

hstr = 2.37, hcnv = 2.77 and hstr = 4.41, hcnv = 4.52 [km], respectively. 

 

1. Stratiform Rain: The Melting Layer: Stratiform events develop up to approximately the 0°C 

isotherm height, below which there usually exists a well defined melting layer (or bright band, 

according to radar terminology) influencing the radio wave propagation and causing extra 

attenuation.  

In this thesis, the bright band effect is investigated by means of an anisotropic model of the 

transition layer , with the aim to derive an equivalent rain layer of height HBB to be added to the 

physical rain height and producing the same attenuation of the bright band. The physical simulator 

models a medium containing absorbing and scattering hydrometeors like ice, melting ice and rain 

drops.  

 

  Fig 9. Specific attenuation computed through the bright band simulator. 
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The anisotropic model requires as input data: 

 Initial density of the melting particles. 

 Particle size distribution. 

 Frequency. 

 Rain rate below the melting layer. 

The initial density of the melting particles d0 has a strong impact on the peak reflectivity and, 

partially, on the layer depth (which also depends on R). The rain rate upper limit has to be 

consistent with the threshold chosen to discriminate between stratiform and convective rain. In 

order to account for the effect of the bright band on attenuation, an equivalent bright band rain 

height can be introduced to be added to the rain height, conventionally set to the 0°C isotherm 

height. 

To this end, the bright band simulator has been used to generate melting layer profiles of 

specific attenuation for each frequency in the range 10-50 GHz and for rain rates in the interval 

from 1 to 17 mm/h. Then, the average equivalent bright band height, HBB, is defined as:  

         
         

         
           

           

      

where E[] means the average operator over the range of rain rate values,           is the total 

attenuation due to bright band,           is the specific attenuation due to rain and         is the 

depth of the bright band, all values being referred to frequency f and ground rain intensity R. The 

specific attenuation due to rain is calculated as:  

              

where k and α are rain-attenuation conversion coefficients provided by ITU-R as a function of the 

transmission link frequency, polarization and elevation angle.  

The equation of the bright band height deserves some comments. Since the melting layer is 

substituted by an enhancement of the rain height, its physical depth has to be removed from the 

stratiform rain height. However, the peak reflectivity of the melting layer can be sometimes 

coincident or even higher than the yearly mean 0°C isotherm height, so that only part of the bright 

band depth should be subtracted. Moreover, although both            and           strongly 

depend on R, their combination to give HBB (together with       , that increases with R but 

decreases with f) turns out to be only slightly dependent on the rainfall rate. 
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Therefore, the average bright band HBB derived through the bright band simulator results to 

depend only on frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 10. Dependence of the equivalent bright band rain height on both rain rate 

and frequency (derived using the bright band simulator). 

Fig 11. Equivalent rain height calculated through the bright band simulator. 
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This parameter is very well fitted by the following model (line with circles): 

                                

When frequency increases, the attenuation due to bright band tends to increase less than the 

one due to rain, which means a reduction of the equivalent rain height HBB. 

Considering the melting layer contribution to attenuation, the equivalent rain height applied to 

stratiform events is therefore given by:  

                           

 

2. Convective Rain: During convective processes, the rain height considerably exceeds the 0°C 

isotherm height, because of strong updrafts and downdrafts, which also prevent the formation of 

the melting layer. Sometimes even 10 km height can be reached, but the rain profile is not constant 

up to that height.  

The SC EXCELL model takes into account this behavior by increasing by 20% the value of hcnv. 

                 

 

The next table shows the rain height values (in km) used by the SC EXCELL model for the site of 

Spino d’Adda, Italy (latitude 45.4° N, longitude 9.5° E): it is worthwhile noticing the dependence on 

frequency of the equivalent rain height due to the melting layer, and therefore, the associated 

variation of the equivalent stratiform rain height.  

 

TABLE II 

RAIN HEIGHT VALUES (KM) USED AS INPUT TO SC EXCELL MODEL COMPARED WITH MEAN RAIN HEIGHT 

ABOVE MEAN SEA LEVEL PROVIDED BY ITY-R REC. P.839-3 

                                      ITU-R 

f=18.7 GHz 2.398 3.104 1.804 4.202 3.725 3.341 

f=39.6 GHz 2.398 3.104 0.821 3.219 3.725 3.341 

f=49.5 GHz 2.398 3.104 0.667 3.065 3.725 3.341 
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V.Rainfall Rate in Rain Cells 

 

As we know that the rainfall rate along the rain cell is expressed as:  

                
 

 
                     

                                                         

  

Knowing the shape of the rain cell is possible to calculate the rainfall rates along the different 

possible propagation path that pass through the rain cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

So, in order to calculate the rainfall rate in all the possible paths, what we should do is to decide 

the steps we will use in the horizontal and vertical directions, the step we will use in order to 

calculate the rainfall rate in every propagation path, the elevation angle and the height of the rain 

cell.  

Fig 12. Schematic for the rain cloud simulation. Radiances have been computed at observation 

points located at the location (Px,Py), The blue-shaded area contains the rain system with one 

vertical hydrometeor and atmospheric profile extracted from a Cloud Resolving Model. Non-shaded 

areas only contain atmospheric gases; temperature, pressure and humidity profiles are the same as 

in the blue-shaded area.  
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In order to calculate the step we will use in order to calculate the rainfall rate in each 

propagation path, after various experiments, we decide that the best is to select the step 

depending on a coefficient C (which define the sharpness of the rain cell), described as:  

   
  

  
 

The relation between that coefficient and the step is the next one:  

      

 
 
 

 
                               

                     
                      
                                             
                                                        

  

 

*MatLab Code: 

The MatLab code responsible of calculating that step is the next one:  

function [step] = calculateStep(Rmax,rho0) 

  
%Calculate the step required for a correct sampling of the rainy 
%propagation path depending on Rmax and rho0(which define the sharpness of 
%the Rain Cell). 

  
C = Rmax/rho0; 

  
if (C >= 350) 
    step = 0.004; 
elseif ((C < 350) && (C >=200)) 
    step = 0.01; 
elseif ((200 > C) && (C >=50)) 
    step = 0.02; 
elseif ((50 > C) && (C >= 10)) 
    step = 0.025; 
else  
    step = 0.03; 
end 

 

Now, we should decide which step we take in the vertical and horizontal directions, in order to 

see how many propagations path we should calculate. This is important, because you should 

calculate a important number of propagation paths in order to define correctly the synthetic cell, 

so when we calculate the attenuation in the propagation path and in the whole rain cell, it fits with 

the real one.  

A first MatLab code in order to calculate the rainfall rate in a rain cell was that:  
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function [RainRate] = rainRate(Rmax,rho0,theta,heigth,pasx,pasy) 

  
%Makes an iteration for every possible position in order to determine the 
%rain rate along the propagation path with a unique inclination angle 
%Sintaxis : [Rain] = rainRate(pas,theta,heigth,pasx,pasy) 
%Plot the rain rate for a characteristic tilted propagation path and 
%iterate the process for describing all possible paths. 

  
Rlow = 1; 
[rhot] = drawCell(Rmax,rho0,Rlow); 

  
%Change the theta angle to radians 
theta = theta*(pi/180); 

  
%Iteration above the different Rain Cells 

       
%Determine the step required 
pas = calculateStep(Rmax,rho0); 

         
%Iteration within the y positions 
posy = rhot; 
iny = 1; 

  
while(posy >= -rhot) 
    [RainRate{iny},axis{iny}] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx); 
    iny = iny +1; 
    posy = posy - pasy; 
end 

  
%Plot different Rain Rates along the different Propagation Paths in order 
%to see the performance of the approximation 

  
i = 1; 
for s=2:3 
    for k=10:14 
        Rain = RainRate{s}; 
        x = axis{s}; 
        figure(2); 
        subplot(5,2,i),plot(axis{s},Rain(:,k),'b'); 
        xlabel('Distance to the center of the cell [km]'); 
        ylabel('Rain Rate [mm/h]'); 
        title(['Rain Rate in the Propagation path, in the coordinates 

(',num2str(x(1)+(k-1)*pasx),',',num2str(rhot-(s-1)*pasy),')']); 
        i = i + 1; 
    end 
end 

 
%------------------------------------------------------------------------- 

   
function [Rain,xtrans] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx) 

  
%Iteration for finding the different Rain Rates in the different paths with 
%a determinate Position y 
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inx = 1; 
%Assigment of the Initial x position 
posx = -(sqrt(rhot^2-posy^2)+(heigth/tan(theta))); 
x = posx:pas*cos(theta):rhot+pas*cos(theta); 
xtrans = x; 
rho = sqrt(posy^2+x.^2); 
initialx = posx; 
first = 1; 
%Iteration along all the posible positions with a fixed y position 
while(initialx <= rhot) 
    Rain(:,inx) = zeros(length(x),1); 
    counter = 1; 
    for k=1:length(x) 
        if(x(k) < initialx) 
            h(k) = 0; 
            counter = counter +1; 
        else 
            h(k) = (k-counter)*pas*tan(theta); 
        end 
    end 

     
    i = 1; 

     
    while((rho(i) > rhot && i <= length(rho)-1) || x(i) < initialx) 
        Rain(i,inx) = 0; 
        i = i + 1; 
    end 

     
    if(first == 1) 
        while((rho(i) <= rhot) && (h(i) <= heigth)) 
            Rain(i,inx) = (Rmax + Rlow)*exp(-rho(i)/rho0)-Rlow; 
            i = i +1; 
        end 
        Anterior = Rain(:,inx); 
        final = i-1; 
        first = 0; 

         
    else 
        aux = i; 
        for k=aux:final 
            Rain(k,inx) = Anterior(k); 
        end 
        i = final +1; 
        if(i<=length(x)) 
            while((rho(i) <= rhot) && (h(i) <= heigth)) 
                Rain(i,inx) = (Rmax+Rlow)*exp(-rho(i)/rho0)-Rlow; 
                i = i+1; 
            end 
        end 
        Anterior = Rain(:,inx); 
        final = i-1; 
        first = 0; 
    end 

         
    while(i <= length(x)) 
        Rain(i,inx)= 0; 
        i = i + 1; 
    end  
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    initialx = initialx + pasx; 
    inx = inx +1; 
end 

 

However, the big quantity of iterations (whiles) makes the program to run very slowly and it was 

inefficient, because one of the objectives of the application is to be the quickest possible. So, I 

decide to implement another code, but this time trying to avoid the maximum number of 

iterations. MatLab is a program oriented to vectorizations, so I tried to substitute the iterations for 

vector operations. The result is the next one:  

function [R] = rainRateImproved(Rmax,rho0,theta,heigth,pasx,numberStepsy) 

  
%Makes an iteration for every possible position in order to determine the 
%rain rate along the propagation path with a unique inclination angle 
% 
%Sintaxis : [Rain] = rainRate(pas,theta,heigth,pasx,pasy) 
%Plot the rain rate for a characteristic tilted propagation path and 
%iterate the process for describing all possible paths. 

  
Rlow = 1; 
[rhot] = drawCell(Rmax,rho0,Rlow); 

  

  
%Change the theta angle to radians 
theta = theta*(pi/180); 

  
%Calculate the pasy 
pasy = (2*rhot)/numberStepsy; 

  
%Iteration above the different Rain Cells 

         
%Determine the step required 
pas = calculateStep(Rmax,rho0); 

         
%Iteration within the y positions 
posy = rhot-0.05; 
iny = 1; 

  
while(posy >= -rhot) 
    [R{iny},axis{iny}] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx); 
    iny = iny +1; 
    posy = posy - pasy; 
end 

  
%Plot different Rain Rates along the different Propagation Paths in order 
%to see the performance of the approximation 

  
i = 1; 
for s=1:2 
    for k=1:5 
        Rain = R{s}; 
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        x = axis{s}; 
        figure(2); 
        subplot(5,2,i),plot(axis{s},Rain(:,k),'b'); 
        xlabel('Distance to the center of the cell [km]'); 
        ylabel('Rain Rate [mm/h]'); 
        title(['Rain Rate in the Propagation path, in the coordinates 

(',num2str(x(1 + (k-1)*round(pasx/pas*cos(theta)))),',',num2str(rhot-0.05-(s-

1)*pasy),')']); 
        i = i + 1; 
    end 
end 

 
%------------------------------------------------------------------------ 

 
function [RainRate,xtrans] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx) 

  
%Iteration for finding the different Rain Rates in the different paths with 
%a determinate Position y 

  
inx = 1; 
%Assigment of the Initial x position 
posx = -(sqrt(rhot^2-posy^2)+(heigth/tan(theta))); 
x = posx:pas*cos(theta):sqrt(rhot^2-posy^2); 
xtrans = x; 
rho = sqrt(posy^2+x.^2); 
initialx = 1; 

  
coeffRho = find(rho <= rhot); 

  
first = 1; 
%Iteration along all the posible positions with a fixed y position 
while(initialx <= length(rho)) 
    if(first == 1) 
        RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1);  
        else 
            start = initialx; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            r = rho(start:final); 
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            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            startAnterior = start; 
            finalAnterior = final; 
    else 
       RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1); 
            RainRate(1:finalAnterior) = RainAnterior; 
            start = finalAnterior+1; 
        else 
            start = initialx; 
            RainRate(initialx:finalAnterior) = 

RainAnterior(initialx:finalAnterior); 
            start = finalAnterior+1; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            r = rho(start:final); 

  
            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            finalAnterior = final;  
    end 

  
    initialx = initialx + round(pasx/pas*cos(theta)); 
    inx = inx +1; 
end 

 

As we could observe, this new code only have one iteration and the rest of iterations have been 

substituted by vector operations, which make the code to run quicker than the previous one, and 

make the application more efficient.  

We could also observe, that in this version when we move the propagation path along the 

horizontal direction, it results that there are some points in the rainfall rate profile that are 

identical in some propagation paths, so this code profits this situation in order to make easier the 

calculation of the rainfall rate and make it faster.  
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Let’s see an example of the rainfall rate:  

 

 

In this example is possible to observe that all the paths represented start inside the rain cell, 

because the rainfall profile passes from 0 mm/h to a higher value, which indicates that the 

radiometer position is inside the rain cell.  

It is also possible to observe that the propagation paths never cross all the cell horizontally, 

because the rainfall rate profile always fall from a high value to zero directly. That means that the 

propagation path in some point has higher altitude than the rain cell, so the rainfall rate becomes 

zero instantaneously.  

Finally, comment that the rain cells have circular shape and an exponential profile. That could be 

seen in this example, because there are propagation path that include the peak of the cell (pass 

through the center of the cell) and propagation path that not include that peak. 
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Fig 13. Some examples of rainfall rate through some propagation paths in a rain cell with Rmax of 15 

mm/h and ρ0 of 2 km. Using a step in the horizontal direction of 10 m and in the vertical direction we have 100 

different positions. With an elevation angle of 37.7° and a height of the rain cell of 3 km.   
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Let’s see another example of rainfall rate:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this example is possible to observe that all the paths represented start outside the rain cell, 

because the rainfall profile passes gradually from 0 mm/h to higher values, which indicates that the 

radiometer position is outside the rain cell. 

It is also possible to observe that the propagation paths never cross all the cell horizontally, 

because the rainfall rate profile always fall from a high value to zero directly. That means that the 

propagation path in some point has higher altitude than the rain cell, so the rainfall rate becomes 

zero instantaneously.  

Finally, comment that the rain cells have circular shape and an exponential profile. That could be 

seen in this example, because there are propagation path that include the peak of the cell (pass 

through the center of the cell) and propagation path that not include that peak. 
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Fig 14. Some examples of rainfall rate through some propagation paths in a rain cell with Rmax of 15 

mm/h and ρ0 of 2 km. Using a step in the horizontal direction of 10 m and in the vertical direction we have 100 

different positions. With an elevation angle of 10° and a height of the rain cell of 5 km.   
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Let’s see another example of rainfall rate:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this example is possible to observe that all the paths represented start outside the rain cell, 

because the rainfall profile passes gradually from 0 mm/h to higher values, which indicates that the 

radiometer position is outside the rain cell. 

It is also possible to observe that the propagation paths crosses all the cell horizontally, because 

the rainfall rate profile always fall from a high value to zero gradually. That means that the 

propagation path never has a higher altitude than the rain cell, so the rainfall rate becomes zero 

gradually.  

Finally, comment that the rain cells have circular shape and an exponential profile. That could be 

seen in this example, because there are propagation path that include the peak of the cell (pass 

through the center of the cell) and propagation path that not include that peak. 
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Rain Rate in the Propagation path, in the coordinates (-16.1616,1.059)
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Rain Rate in the Propagation path, in the coordinates (-16.073,1.059)
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Rain Rate in the Propagation path, in the coordinates (-15.9843,1.059)
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Rain Rate in the Propagation path, in the coordinates (-15.8957,1.059)
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Rain Rate in the Propagation path, in the coordinates (-15.8071,1.059)
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Rain Rate in the Propagation path, in the coordinates (-16.2635,-0.05)
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Rain Rate in the Propagation path, in the coordinates (-16.1748,-0.05)
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Rain Rate in the Propagation path, in the coordinates (-16.0862,-0.05)
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Rain Rate in the Propagation path, in the coordinates (-15.9976,-0.05)
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Rain Rate in the Propagation path, in the coordinates (-15.9089,-0.05)

Fig 15. Some examples of rainfall rate through some propagation paths in a rain cell with Rmax of 15 

mm/h and ρ0 of 2 km. Using a step in the horizontal direction of 10 m and in the vertical direction we have 100 

different positions. With an elevation angle of 10° and a height of the rain cell of 5 km.   
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VI.Hydrometeor Attenuation in Satellite Communications 

 

Hydrometeor is the general term referring to the products of condensed water vapor in the 

atmosphere observed as rain, hail, ice, fog, cloud, or snow. The presence of hydrometeors in the 

radio-wave path, particularly rain, can produce major impairments to space communications. Rain 

drops both absorb (attenuate) and scatter radio-wave energy. Other effects produced by rain 

include depolarization, rapid amplitude and phase fluctuations, antenna gain degradation, and 

bandwidth coherence reduction. 

In the mid-latitude regions of the earth stratiform rain can extend to several hundreds of 

kilometers horizontally, with vertical heights of 4 to 6 km. Convective rain, often associated with 

thunderstorms events, are of much smaller horizontal extend, usually only several kilometers, but 

can extend to much greater vertical heights because of convective upwelling. Rain rates in excess 

of 100 mm/h (4 in/h) are not unusual for sever convective rain; however the duration seldom 

exceeds several minutes. 

The vertical profile of rain cells tends to be uniform up to an altitude of about 4 km and then 

decreases very quickly at altitudes up to 6 to 8 km. 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 16. Mean rain rate profiles for given surface values as measured at Wallops 

Island, VA, during the summer of 1973. The numbers in parenthesis are the number of 

rain cells measured at the value used to obtain the profiles.    
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Results of this type are useful in relating surface rain rate, which can be easily measured, to a 

path rain rate, which is required to determine total path attenuation for a n earth space link 

operating at a give elevation angle.  

 

VI.1.Classical Development for Rain Attenuation 

The attenuation of a radio wave propagating in a volume of rain of extent L in the direction of 

wave propagation can be expressed as:  

        
 

 

 

where α is the specific attenuation of the rain volume, expressed in decibels per kilometer. The 

classical development for the determination of radio-wave attenuation due to rain assumes that 

the intensity of the wave decays exponentially as it propagates the volume of rain. The water drops 

are usually assumed to be spherical, and the contributions of each drop are additive and 

independent of the other drops. 

The determination of the specific attenuation proceeds from these assumptions. Consider a 

plane wave of transmitted power Pt incident on a volume of uniformly distributed spherical water 

drops, all of radius a, extending over the length L. The received power Pr will be:  

      
    

where k is the attenuation coefficient for the rain volume, expressed in units of reciprocal length. 

The attenuation of the wave is expressed as a positive decibel value given by: 

        
  

  
  

Converting the log to the base e and using the other equations:  

          

The attenuation coefficient k, is expressed as: 

       

where ρ is the drop density (the number of drops per unit volume), and Qt is the attenuation cross 

section of the drop of radius a, expressed in units of area. Qt is the sum of a scattering cross section 

Qs and an absorption cross section Qa. The attenuation cross section is a function of the drop 

radius, r, wavelength of the radio wave λ and complex refractive index of the water drop m:  
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The drops in a “real” rain are not all of uniform radius, and the attenuation coefficient must be 

determined by integrating over all of the drop sizes: 

                    

where n(r) is the drop size distribution. n(r) dr can be interpreted as the number of drops per unit 

volume with radius between r and r + dr. 

The specific attenuation, in decibels per kilometer is found from the aforementioned result for k 

and with L = 1km: 

                        

The above result emphasizes the dependence of rain attenuation on drop sizes, drop size 

distribution, rain rate, and attenuation cross section. These first three parameters are 

characteristics of the rain structure only; it is through the attenuation cross section that the 

frequency and temperature dependence of rain attenuation is observed. All of the parameters in 

general exhibit time and spatial variabilities which are not deterministic or directly predictable, 

hence most analyses of rain attenuation must resort to statistical means to quantitatively evaluate 

the impact of rain on communications systems. 

The solution of the equation above requires Qt and n(r) as a function of the drop size. Qt is found 

by employing the classical scattering theory of Mie for a plane wave radiation upon an absorbing 

sphere. The resulting series expansion solution for Qt is found as:  

   
  

  
                

 

   

 

where an and bn are the Mie scattering coefficients, which are complex functions of m, r, and λ. 

Several investigations have studied the distribution of rain drop sizes as a function of rain rate 

and type of storm activity, and the drop size distribution have been found to be well represented 

by an exponential of the form: 

         
       

           
 

  

 

  
  

where R is the rain rate, in millimeters per hour, and r is the drop radius, in millimeters. N0 and    

are empirical constants determined from the measured distributions. 
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The three most often referenced distributions are those of Laws and Parsons, Marshall and 

Palmer, and Joss et all. The Laws and Parsons Distribution was measured directly in tabular form 

for discrete rain rate values form 0.25 to 150 mm/h. The Marshall-Palmer and Joss distributions 

were obtained from radar measurements and the empirical constants for these distributions are 

listed below. 

Distribution 
    

 

  

 

  
      

 

  
  

Marshall-Palmer                   

Joss, drizzle                     

Joss, widespread rain                   

Joss, thunderstorm                   

 

The Joss distributions are classified into three 

rain types while the Marshall-Palmer distribution 

includes all the measurements in a single 

distribution, which is similar to the Joss 

widespread rain case. 

The specific attenuation can be expressed as:  

                        

where Qt is obtained from the equation above. 

The above integral can be computed numerically 

for specified values of refractive index, 

frequency and drop size distribution. 

 

The calculations, made at a rain temperature of 20°C 

indicate that the attenuation increases rapidly as a 

function of frequency up to about 60 GHz, then levels 

off and drops slightly at higher frequencies. There is 

Fig 17. The specific attenuation of rain from 

1 to 100 GHz at rain rates of 2.5, 12.5, 50 and 

150 mm/h for the drop size distributions of Laws 

and Parsons, Marshall-Palmer and Joss, with a 

rain temperature of 20°C.    
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little difference in the results for the three assumed distributions below 30 GHz, while at the higher 

frequencies the Marshall-Palmer and Joss distributions give higher values because of the greater 

number of small size drops resulting from the exponential representation of these distributions.  

The total rain attenuation for an earth-satellite slant path is thus obtained by integrating the 

specific attenuation over the total path L, as:  

                   
        

 

 

 

where the integration over x is taken over the extent of the rain volume in the direction of 

propagation. In general both Qt and the drop size distribution will vary along the propagation path 

and these variabilities must be included in the integration process. 

 

VI.1.1.Attenuation and Rain Rate 

The relationship between rain rate, as measured at the earth’s surface, and specific attenuation 

can be approximated by:  

        
  

  
  

where a and b are frequency and temperature dependent constants which approximately 

represent the complex behavior of the complete representation of the specific attenuation. This 

relatively simple expression for attenuation and rain rate was observed by early investigators 

directly from empirical observations. However, several more recent studies most notably have 

demonstrated the analytical basis for the     expression. 

The use of the     expression is included in virtually all present models for the prediction of 

path attenuation from rain rate, and several sources of tabulations for the a and b coefficients as 

function of frequency and temperature are available.  

The table below presents a listing of the a and b coefficients for several frequencies of interest 

for satellite communications for a 0°C rain temperature. Also listed are examples of specific 

attenuation at each frequency for rain rates of 10, 50, and 100 mm/h. 
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TABLE III 

   COEFFICIENTS FOR THE CALCULATION OF RAIN ATTENUATION 

Marshall-Palmer Drop Distribution, Rain Temperature 0°C 

Frequency 

(GHz) 

Coefficient α, dB/km, for R specified in mm/h 

a b R=10 mm/h R=50 mm/h R=100 m/h 

2 3.45·10-4 0.891 0.003 0.011 0.021 

4 0.00147 1.016 0.015 0.078 0.158 

6 0.00371 1.124 0.049 0.3 0.657 

12 0.0215 1.136 0.29 1.83 4.02 

15 0.0368 1.118 0.48 2.92 6.34 

20 0.0719 1.097 0.90 5.25 11.24 

30 0.186 1.043 2.05 11.0 22.7 

40 0.362 0.972 3.39 16.2 31.8 

94 1.402 0.744 7.78 25.8 43.1 

 

VI.1.2.Cloud and Fog Attenuation 

Although rain is the most significant hydrometeor affecting radio wave propagation, the 

influence of clouds, fog, hail, and snow can also be present on an earth-space path. Clouds and fog 

generally consist of water droplets of less than 0.1 mm in diameter, and this allows the Rayleigh 

approximation to be used in the calculation of the specific attenuation of clouds and fog up to 

about 100 GHz. With this approximation cloud attenuation is found to be proportional to the liquid 

water content rather than the drop size distribution as in the case of rain attenuation. 

The liquid water content of clouds vary widely, ranging from 0.05 to 0.25 g/m3 for stratiform, 

and from 0.3 to 1.3 g/m3 for cumulus. Peak values exceeding 5 g/m3 have been found in large 

cumulus clouds associated with thunderstorms; however fair weather cumulus generally average 

less than 1 g/m3, and cumulonimbus 2.5 g/m3.  

Cloud attenuation is equivalent to very light rainfall attenuation, and during rain which exceeds 

10 mm/h, the rain attenuation will be the dominant factor in the total attenuation experienced on 

the path. For example, at 20 GHz, for a 50 mm/h rain of 4 km extent, the attenuation would be 21 

dB. A 4 km extent cumulonimbus cloud (2.5 g/m3) would result in an added attenuation of 3.5 dB. 
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Fog, which results from the condensation of atmospheric water vapor into suspended water 

droplets, can approach 1 g/m3 in very dense pockets; however, typically the density ranges around 

0.4 g/m3. Fog layers seldom exceed 50-100 m in thickness, hence fog attenuation can usually be 

considered negligible for radio-wave communications on a slant-path.  

 

VI.1.3.Slant Path and Elevation Angle Dependence 

The total attenuation experienced on a slant path at an elevation angle θ is determined for the 

specific attenuation α by: 

   
 

      
  

 

      
    

Fig 18. The specific attenuation for clouds, at 0°C, from 1 to 100 GHz, 

compared to the specific attenuation for rain at 0°C, Marshall-Palmer distribution. 
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where L is the extent of the rain volume in the direction of propagation. If the rain rate is not 

constant over the total path length L, which is generally the case for most communications links, 

the total attenuation can be found by summing the incremental attenuation for each of the path: 

   
  

      
   

   
  

      
   

      
 

      
     

       

 

   

 

The path attenuation at another elevation angle φ can be determined from the path attenuation 

at angle θ from: 

   
    

    
   

where the rain is assumed to be horizontally stratified over the interaction region in the vicinity of 

the ground terminal. The above results are strictly valid only for elevation angles above about 10°, 

where the earth’s curvature introduces negligible errors in the surface path projections. 

The major problem in the estimation of slant path attenuation rests with determining the extent 

of the path length, L, and the rain rate profile along the path. A large portion of the significant 

research accomplished on the effects of rain on satellite communications links has been involved 

with the determination of techniques and models to characterize the slant path from measurable 

quantities such as the surface rainfall rate and the 0°C isotherm height.  

 

*MatLab Code: 

The MatLab code in order to calculate the attenuation in a rain cell is:  

function [Attenuation] = attenuationCalculator(Rmax,rho0) 

  
%Function that calculates the attenuation for an specific cell and plot it 
%like an histogram for the different propagation paths. 
%Sintaxis: [Attenuation] = attenuationCalculator(Rmax,rho0); 
%  
rhot = rho0*log(Rmax+1); 

  
[Rain,step] = rainRate(Rmax,rho0,37.7,3,0.15,100); 

  
%Definition of the parameters for calculating the attenuation at a 
%frequency of 40 GHz 

  
kappa = 0.6496; 
alpha = 0.7912; 

  
%Calculation of the attenuation for that specific cell 
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aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kappa*(R(s,k)^alpha); 
            Att(s) = Att(s)*step; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    Attenuation(i) = Attenuat(noZero(i)); 
end 

  

  
end 

 

This code is strictly generated for an earth-space communication link with a frequency of 40 

GHz, because the attenuation constants k and α (also known as a and b) are the ones needed for a 

communication link with that characteristics. 

 If we want to calculate the attenuation for an earth-space communication link with a different 

frequency, the only thing we should do is substitute the values of k and α for the correct ones and 

make the program run.  

In order to plot later the PDF and the CDF of the attenuation through all the rain cells, we make 

the code to only save the values of attenuation greater than 0 (those possible paths that not cross 

the rain cells are useless in order to generate the PDF or the CDF of the Attenuation).  

As we know the information about the probability of occurrence of the rain cells in Spino 

d’Adda, we generate a code able to return as the probability of occurrence of each rain cell in that 

location. That MatLab code results:  

function N=CalculateWeight(coeff,RM,rho0) 
% 
% This script calculates the rain cells' probability of occurrence for the 
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% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Ricard Pinar Riasol  
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
else 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 

  

This MatLab code has an input (“coeff”) that has to be given by the responsible of the 

meteorological station in order to calculate the probability of occurrence of the rain cells. 

In order to calculate the PDF and the CDF of the attenuation in Spino d’Adda, we decide to take 

100 different rain cells.  

 10 Rain rates (spaced logarithmically) from 0.5 to 235 mm/h. 

 10 ρ0 (spaced linearly) from 0.5 to 14 km. 

The MatLab code able to calculate the histogram of the attenuation in one specific rain cell is:  

function plotHistogramAttenuation(Attenuation) 

  
%Function that plots the Histogram of one specific Rain Cell Attenuation 

  
Base1 = linspace(0.1,1,10); 
Base2 = linspace(2,10,9); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base1 Base2 Base3 Base4]; 

  
%Plot of the Histogram 

  
figure(1); 
y = hist(Attenuation,Base); 
hist(Attenuation,Base); 
xlabel('Attenuation (dB)'), ylabel('Number of position in the cell with that 

Attenuation'); 
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title('Histogram of the Attenuation in the Rain Cell'); 

 

Let’s see some examples of attenuation’s histograms through some rain cells:  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The histogram is divided in an special way:  

 10 steps between 0 and 1. 

 10 steps between 1 and 10. 

 8 steps between 10 and 50. 

 10 steps between 50 and 150. 

 

As we could see, in that rain cell, there is no possible propagation path that has attenuation 

higher than 60 dB. That means that the propagation path with higher attenuation has an 

attenuation of approximately 60 dB.  
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Histogram of the Attenuation in the Rain Cell

Fig 19. Histogram of the attenuation in a rain cell of rainfall rate of 15.2570 

mm/h and ρ0 of 6.5 km. Taking into account a link of frequency 40 GHz located 

in Spino d’Adda. 
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It is also possible to observe that the major part of propagation path have a low attenuation 

(between 0 and 10). There are also lots of paths that have an attenuation surrounding 20 dB.  

 

Let’s see another example:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The histogram is divided in an special way:  

 10 steps between 0 and 1. 

 10 steps between 1 and 10. 

 8 steps between 10 and 50. 

 10 steps between 50 and 150. 

As we could see, in that rain cell, there is no possible propagation path that has attenuation 

higher than 180 dB. That means that the propagation path with higher attenuation has an 

attenuation of approximately 180 dB.  
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Fig 20. Histogram of the attenuation in a rain cell of rainfall rate of 235 mm/h 

and ρ0 of 14 km. Taking into account a link of frequency 40 GHz located in Spino 

d’Adda. 
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It is also possible to observe that the major part of propagation path have a low attenuation 

(between 0 and 30).  There are more paths than in the previous example because the rain cell is 

bigger. 

Let’s see another example:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The histogram is divided in an special way:  

 10 steps between 0 and 1. 

 10 steps between 1 and 10. 

 8 steps between 10 and 50. 

 10 steps between 50 and 150. 

As we could see, in that rain cell, there is no possible propagation path that has attenuation 

higher than 10 dB. That means that the propagation path with higher attenuation has an 

attenuation of approximately 10 dB.  

Fig 21. Histogram of the attenuation in a rain cell of rainfall rate of 3.8875 

mm/h and ρ0 of 14 km. Taking into account a link of frequency 40 GHz located in 

Spino d’Adda. 

0 20 40 60 80 100 120 140 160
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Attenuation (dB)

N
u
m

b
e
r 

o
f 

p
o
s
it
io

n
 i
n
 t

h
e
 c

e
ll 

w
it
h
 t

h
a
t 

A
tt

e
n
u
a
ti
o
n

Histogram of the Attenuation in the Rain Cell



Document: SC-EXCELL XPD 

upgrade 

TFG Memory 

SC-EXCELL XPD 

upgrade 

 
Date: 28/05/2014 

Ricard Pinar Riasol 

Page 48 of 115 

 

It is also possible to observe that the major part of propagation path have a low attenuation 

(between 0 and 1 dB).  There are less paths than in the previous example because the rain cell is 

smaller. 

The MatLab code in order to calculate the PDF (Probability Distribution Function) of the 

attenuation results:  

function [probability] = plotPDFAttenuation(Attenuation,coeff) 

  
%Function that plot the PDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada. 
total = 0; 
for i=1:100 
    total = total + sum(Attenuation{i}); 
end 

  
Base1 = linspace(0,0.9,10); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base1 Base2 Base3 Base4]; 
PDF = zeros(1,length(Base)); 

  

  
Rmax = logspace(log10(0.5),log10(235),10); 
rho0 = linspace(0.5,14,10); 

  
for i=1:100 
    r = ceil(i/10); 
    s = i-(r-1)*10; 
    y = hist(Attenuation{i},Base); 
    %Take into account the steps of Rmax and rho0!!!! 
    weight = CalculateWeight(coeff,Rmax(r),rho0(s)); 
    y = weight*y; 
    PDF = PDF + y; 
end  

  

  
probability = (PDF/total)*100; 

  

  
figure(1); 
bar(Base,probability); 
xlabel('Attenuation (dB)'), ylabel('Probability of having Attenuation in the 

propagation path (%)'); 
title('Probability Density Function of the Attenuation through the rain Cell'); 

 

The PDF shows the probability of having a propagation path with the attenuation required. It 

takes into consideration all the rain cells of the study (the whole 100 rain cells). 
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Then the result of the PDF of the attenuation for a link of 40 GHz placed in Spino d’Adda, taking 

into account the rain cells mentioned before results:  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we could see, the probability of having propagation paths with low attenuation is higher than 

the probability of having propagation paths with high attenuation. That is normal, because in Spino 

d’Adda is typical to have stratiform clouds which produce lower attenuations. Normally, there are 

no convective clouds, which are the responsible of producing high attenuations.  

As we could see the probabilities are low (order of 10-5), that is because we are also considering 

that is possible to have no rain cell (that means a clear sky). So the probabilities of having a 

propagation path with these attenuations are expressed considering the whole year time (also 

including the parts of the year when there are no clouds, and we have a clear sky).  
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Fig 22. Attenuation’s PDF for a link of 40 GHz placed in Spino d’Adda (Italy). 
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The MatLab code in order to calculate the CDF (Cumulative Distribution Function) of the 

attenuation results:  

function [probability] = plotCDFAttenuationImproved(Attenuation,coeff) 

  
%Function that plot the CDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada 

  
Base0 = 0.00000001; 
Base1 = linspace(0.1,0.9,9); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base0 Base1 Base2 Base3 Base4]; 

  
probability = calculateProbability(Attenuation,coeff,Base); 

  
figure(1); 
loglog(Base,probability); 
xlabel('Rain Attenuation Excedeed (dB)'),ylabel('Percentage of the time(%)'); 
title('Rain Attenuation Excedeed CDF') 
axis([0 150 0 10]); 

   
function [P_a] = calculateProbability(Attenuation,coeff,Base) 

  
%Function that calculates de probability for all the attenuations. 

  
Rmax = logspace(log10(0.5),log10(235),10); 
rho0 = linspace(0.5,14,10); 
drho0 = rho0(2) - rho0(1);  
dRmax = log(Rmax(2))-log(Rmax(1)); 

  
dx = 0.2; 

  
for i=1:length(Rmax) 
    for s=1:length(rho0) 
        rhot = rho0(s)*log(Rmax(i)+1); 
        dy = 2*rhot/100; 
        for k=1:length(Base) 
            number_higher = length(find(Attenuation{i+10*(s-1)}> Base(k))); 
            Area(k,i+10*(s-1)) = number_higher*dx*dy; 
        end 
        N(i+10*(s-1)) = CalculateWeight(coeff,Rmax(i),rho0(s)); 
    end 
end 

 
for k=1:length(Base) 
    P_a(k) = 0; 
    for i=1:length(Rmax) 
        for s=1:length(rho0) 
            P_a(k) = P_a(k) + Area(k,i+10*(s-1))*N(i+10*(s-1))*drho0*dRmax; 
        end 
    end 
end 
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The CDF describes the probability that a propagation path will be found to have a value less than 

or equal to an attenuation given.  

Then the result of the CDF of the attenuation for a link of 40 GHz placed in Spino d’Adda, taking 

into account the rain cells mentioned before results:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In that graphic we could see that the probability of having a propagation path that presents 

attenuation due to rain is of about 4.8656%. That means that in Spino d’Adda it is raining a 4.8656 

% of the time, and the rest of the time is sunny. It is also possible to observe the percent of time in 

which the attenuation exceeds a certain value.  
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Fig 23. Attenuation’s CDF for a link of 40 GHz placed in Spino d’Adda (Italy),both axis in logarithmic scale. 
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In that graphic we could see that the probability of having a propagation path that presents 

attenuation due to rain is of about 4.8656%. That means that in Spino d’Adda it is raining a 4.8656 

% of the time, and the rest of the time is sunny. It is also possible to observe the percent of time in 

which the attenuation exceeds a certain value.  

This graphic differs from the previous one in the fact that in the previous one both axis were 

represented in logarithmic scale, and in this one only the vertical one is in logarithmic scale, while 

the horizontal one is represented in linear scale. Both are common manners of representing the 

CDF of the attenuation profile.  

The graphic seems to be correct because it presents logical values, it decreases while the 

attenuation increments, because it is less probable to have high attenuations. 
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Fig 24. Attenuation’s CDF for a link of 40 GHz placed in Spino d’Adda (Italy),vertical axis in logarithmic scale. 
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VII.Depolarization on Earth-Space Pahts: 

 

Knowledge of the depolarizing characteristics of the earth’s atmosphere is important in the 

design of frequency reuse communications systems employing dual independent orthogonal 

polarized channels in the same frequency band to increase channel capacity. Frequency reuse 

techniques, which employ either linear or circular polarized transmissions, can be impaired by the 

propagation path through a transferral of energy from one polarization state to the orthogonal 

state, resulting in interference between the two channels.  

This phenomenon, referred to as depolarization or cross polarization, is induced by two sources:  

1. Hydrometeors (primarily rain or ice crystals). 

2. Multipath propagation. 

The Faraday Effect, which is caused by Ionospheric variations of Earth’s magnetic field, produces 

a polarization rotation, not a depolarizing effect, on linear polarized waves only. It may be 

compensated for rather easily on an earth-space link and is therefore usually not a significant 

problem. 

Multipath-induced depolarization is generally limited to terrestrial links, and can be further 

induced by additional effects of the cross-polarized patters of the receiving antenna.  

 

 

 

 

 

 

 

 

 

 

 

Fig 25. Vector relationship for a depolarizing medium. Co and Cross-polarized waves for linear transmission 
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The major depolarization on earth-space paths is caused by rain and ice, and recent 

experimental measurements using satellite beacons from 4 to 30 GHz have greatly increased 

knowledge of the depolarizing mechanisms and have provided the basis for statistical prediction 

models.  

Radio-wave depolarization is characterized by the presence of an anisotropic propagation 

medium which produces a different attenuation and phase shift on radio waves with different 

polarizations. The wave will have its polarization state altered such that power is transferred (or 

coupled) from the desired polarization state to the undesired orthogonal polarization state, 

resulting in interference or crosstalk between the two orthogonally polarized channels.  

The cross-polarization discrimination (XPD) is defined for linear polarized waves, as:  

          
     

     
  

where E11 is the received electric field in the co-polarized (desired) direction and  E12 is the electric 

field converted to the orthogonal cross-polarized (undesired) direction. A closely related measure is 

the isolation (I) which compares the co-polarized receiver power with the cross-polarized power 

received in the same polarization state:  

         
     

     
  

These terms are not always applied as universally accepted definitions, however, some authors 

use the reciprocal of the definitions above or refer to XPD as I, or use other terms such as cross-

polarization distortion, depolarization ratio, crosstalk discrimination, etc. 

Fig 26. Vector relationship for a depolarizing medium. Classical model for a canted oblate spherical rain drop. 
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Isolation takes into account the performance of the receiver antenna, feed and other 

components as well as the propagation medium. When the receiver system polarization 

performance is close to ideal, then I and XPD are essentially identical, and only the propagation 

medium contributes to the depolarizing effects to system performance.  

 

VII.1.Depolarization Caused by Rain 

Rain induced depolarization is produced from a differential attenuation and phase shift caused 

by non-spherical rain drops. As the size of raindrops increase, the shape tends to change from 

spherical (which is the preferred shape because of surface tension forces) to oblate spheroids with 

an increasingly pronounced flat or concave base produced from aerodynamic forces acting upward 

on the drops. Furthermore, raindrops may also be inclined to the horizontal (canted) because of 

vertical wind gradients, thus the depolarization characteristics can depend significantly on the 

transmitted depolarization angle, for linear polarized waves.  

The classical model for a falling raindrop is an oblate spheroid with its major axis canted to the 

horizontal and with major and minor axes related to the radius of a sphere of equal volume.  

Consider a volume of canted oblate spheroids of extent L in the direction of propagation of two 

orthogonally polarized linear waves, E1, and E2. The drops are canted at an angle φ to the 

horizontal, with minor and major axes a and b, respectively, in the directions I and II. The 

transmitted waves can be resolved into components in the I and II directions by:  

                  

                   

The transmission characteristics of the volume of oblate spheroids in the I and II directions are 

specified by transmission coefficients of the form:  

               

                  

where AI and AII are the attenuation coefficients and φI and φII are the phase shift coefficients in 

the minor and major axis directions (I and II), respectively.  

The received waves in the I and II directions are then formed from:  
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The resulting received waves in the transmission directions 1 and 2 are:  

                

                

Where a11, a12, a21 and a22 are polarization coefficients defined by:  

                  
   

         
            

         
      

 
       

The XPD’s for vertical and horizontal transmissions are then given by:  

          
     

     
      

  
   

  
     

 
   

  
       

 

 

          
     

     
      

   

  
      

 
   

  
       

 

 

Note that both a11 and a22 are independent of the  sign of φ, and also since a12 = a21, the cross-

polarized components resulting from positive and negative canting angles will cancel each other 

out.  

The XPD for circular transmitted polarizations is developed in a similar manner, and is expressed 

in terms of the polarization coefficients as:  

            
     

     
 
     

                        
      

      
                 

where                is the mean of      taken over the canting angle distribution. Equation holds for 

either right-hand or left-hand circular polarization. 

The measurements on earth-space path have tended to confirm that the canting angle tends to 

be very close to 0° (horizontal) for the majority of non-spherical rain drops. Under these conditions, 

the XPD for circular polarization is identical to the XPD for linear polarization oriented at 45˚ from 

the horizontal. 
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The complete solution for the XPD requires a determination of the transmission coefficients TI 

and TII. This problem was examined by Oguchi, and solved by employing a spherical expansion 

solution for a plane-wave incident on an oblate spheroid, analogous to the Mie solution for a 

spherical drop. An equivolume spherical drop is assumed, which approximates the experimentally 

observed drop shape by a simple function of the major and minor axes. 

 

For a give co-polarized attenuation, the XPD decreases (degrades) with decreasing frequency. 4- 

and 6- GHz communications systems seldom experience rain attenuation of more than a few 

decibels. However, the XPD for vertical polarized transmissions is generally greater (better) than for 

horizontal polarized transmission at the same attenuation level, except at 4 GHz, where the 

differential phase shift dominates the depolarization effect. Circularly polarized waves produce 

XPD’s about 10 dB lower (worse) than a horizontally polarized wave at the same attenuation level. 

 

 

 

Fig 27. Differential attenuation (left) and differential phase shift (right) as a function of frequency and rain rate. 
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VII.1.1.Depolarization and Rain Attenuation: 

An empirical relationship of the form:  

               

has been observed between the measured statistics of rain induced XPD and co-polarized 

attenuation A for both terrestrial and earth-space paths. U and V are empirically determined 

constants which depend on frequency, polarization, elevation angle, canting angle , and other link 

parameters. 

A theoretical basis for the relationship between rain depolarization and attenuation given above 

was develop by Nowland et al. from small argument approximations applied to the scattering 

theory of Oguchi for an oblate spheroid rain drop. The constants U and V were found to be 

approximated by:  

        
     

 
                     

 
  

                        

 

Fig 28. Cross-polarization discrimination for linear horizontal, linear vertical and circular transmitted waves at 

frequencies of 4 and 6 GHz (left), 11 GHz (center) and 18 and 30 GHz (right)  
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and θ is the elevation angle, σφ is the standard deviation for the canting angle distribution, and δ is 

the incident wave polarization tilt angle with respect to the local horizontal. For circular 

polarization         . 

A general prediction equation for XPD from co-polarized  attenuation has yet to be fully 

established, however, the CCIR, at its Study Group Interim Meetings in Geneva in June and July 

1980, recommended the following semi-empirical expression for the constant U: 

                                        

where f is the frequency in gigahertz; θ,  , and δ are the elevation angle, canting angle and 

polarization tilt angle, all in degrees. The value of V is set to a constant 20. 

Semi-empirical prediction techniques that employ relations between XPD and point rain rate 

have also been proposed, but they have yet to be extensively evaluated or validated with reliable 

measured data.  

 

VII.2.Ice Crystal Depolarization 

Depolarization due to ice crystals above the melting layer has been observed on earth-space 

paths from measurements using satellite beacons. This effect, initially referred to as “anomalous” 

depolarization because its cause was unknown, is characterized by a strong depolarization 

accompanied by very low co-polarized attenuation. Also, abrupt changes in the XPD have been 

observed to coincide with lightening discharges in the area of the slant path, suggesting a change in 

the alignment of the ice crystals.  

Ice crystals produce a nearly pure differential phase shift, without any accompanying differential 

attenuation, which explains the depolarization effects observed in the absence of co-polarized 

attenuation.  

In order to calculate the depolarization due to ice clouds, the following assumptions and models 

have to be assumed:  

 Ice temperature = -15˚C. 

 Sharpe of ice needles = prolate spheroid.  

 Model of ice distribution size = Gamma function, Cirrostratus cloud. 

 Ice density is assumed to be constant in vertical direction. 

 Scattering function of ice crystals is calculated using the Rayleigh model.  
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 The ice refractive index has been calculated according to Ray (1972). 

It can be assumed that the ice needles are maintained aligned on to the horizontal plane by 

aerodynamic and electrostatic effects, and can rotate freely in the plane.  

When the ice crystals are completely aligned, the anisotropy depends on the rotation angle of 

the crystals and is higher when the rotation angle is equal to 90˚ and the apparent canting angle is 

equal to 0˚. The apparent canting angle of the ice clouds is given by the projection of the symmetry 

axes on the plane orthogonal to the direction of propagation:  

                             

where γ is the horizontal rotation angle of the symmetry axis of the needle with respect to the 

propagation direction and θ is the elevation angle.  

When the ice crystals are randomly aligned in to the horizontal plane, the anisotropy is non-zero 

while the apparent canting angle is equal to zero.  

Using this simple model, the ice anisotropy results depend on the total ice content, I: 

                    

                       

                                             

 

The values of parameters B and C are given by the following table for some particular cases:  

 

TABLE IV 

B AND C PARAMETERS FOR THE CALCULATION OF ICE ANISOTROPY 

Crystals Orientation         B C 

Random Orientation 0 0            

All Aligned                           

            
     

All Aligned 0 0          

All Aligned 90 0 1 
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*MatLab Code: 

The MatLab code in order to calculate the depolarization in the two directions (vertical and 

horizontal) inside the rain cell is:  

function [XPD_h,XPD_v] = 

rainDepolarizationCalculator(AttenuationHorizontal,AttenuationVertical) 

  
%Function that calculates the XPD (cross-polarization discrimination) in 
%the rain cell 
%Sintaxis:  
%[XPD] =depolarizationCalculator(AttenuationHorizontal,AttenuationVertical) 

  
%Definition of the tilt angle 

  
tilt = 37.7*(pi/180); 

  
%Iterate along the different rain Cells 

  
for i=1:100 

Fig 29. Rain and ice depolarization distributions measured at Austin, 

TX, frequency 11.7 GHz, elevation angle 49˚.  
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    Att_h = AttenuationHorizontal{i}; 
    Att_v = AttenuationVertical{i}; 

     
    for k=1:length(Att_h) 

         
        %Transmission Coefficients: 

         
        T1 = exp(-Att_v(k)); 
        T2 = exp(-Att_h(k)); 

         
        %Polarization Coefficients: 

         
        a11 = T1*(cos(tilt))^2+T2*(sin(tilt))^2; 
        a22 = T1*(sin(tilt))^2+T2*(cos(tilt))^2; 
        a12 = ((T2-T1)/2)*(sin(tilt))^2; 
        a21 = a12; 

         
        %Cross-polarization Discrimination: 

         
        XPDv(k) = 20*log10(abs(a11)/abs(a12)); 
        XPDh(k) = 20*log10(abs(a22)/abs(a21)); 

         
    end 

     
    XPD_h{i} = XPDh; 
    XPD_v{i} = XPDv; 
end 

 

 

This code is not strictly generated for a specific frequency link, because it only depends on the 

variables: horizontal and vertical specific attenuation. So if we insert the specific attenuations for a 

specific frequency we will obtain the specific depolarization for that frequency.  

As it is possible to observe, we omit the specific phase shift parameters. That’s because after 

several analysis we had arrive to the conclusion that the impact of these variables in the result of 

the depolarization is minimum. So we can omit them and the result will be still correct.  

 

The MatLab code in order to calculate the PDF (Probability Distribution Function) of the 

depolarization results:  

function [probability] = plotPDepolarization(XPD,coeff) 

  
%Function that plot the PDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada. 
total = 0; 
for i=1:100 
    total = total + sum(XPD{i}); 
end 
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Base1 = linspace(0,0.9,10); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base1 Base2 Base3 Base4]; 
PDF = zeros(1,length(Base)); 

  

  
Rmax = logspace(log10(0.5),log10(235),10); 
rho0 = linspace(0.5,14,10); 

  
for i=1:100 
    r = ceil(i/10); 
    s = i-(r-1)*10; 
    y = hist(XPD{i},Base); 
    %Take into account the steps of Rmax and rho0!!!! 
    weight = CalculateWeight(coeff,Rmax(r),rho0(s)); 
    y = weight*y; 
    PDF = PDF + y; 
end  

  

  
probability = (PDF/total)*100; 

  

  
figure(1); 
bar(Base,probability); 
xlabel('Attenuation (dB)'), ylabel('Probability of having Attenuation in the 

propagation path (%)'); 
title('Probability Density Function of the Attenuation through the rain Cell'); 

  

  
function N=CalculateWeight(coeff,RM,rho0) 
% 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
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else 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 

 

 

The PDF shows the probability of having a propagation path with the depolarization required. It 

takes into consideration all the rain cells of the study (the whole 100 rain cells). 

Then the result of the PDF of the depolarization for a link of 40 GHz placed in Spino d’Adda, 

taking into account the rain cells mentioned before results:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 30. Horizontal XPD PDF for a link of 40 GHz placed in Spino d’Adda (Italy). 
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As we could see, the probability of having propagation paths with low XPd is higher than the 

probability of having propagation paths with high XPD. That is normal, because in Spino d’Adda is 

typical to have stratiform clouds which produce lower attenuations, and then lower XPD’s. 

Normally, there are no convective clouds, which are the responsible of producing high 

attenuations.  

As we could see the probabilities are low (order of 10-4), that is because we are also considering 

that is possible to have no rain cell (that means a clear sky). So the probabilities of having a 

propagation path with these attenuations are expressed considering the whole year time (also 

including the parts of the year when there are no clouds, and we have a clear sky).  

 

Fig 31. Vertical XPD PDF for a link of 40 GHz placed in Spino d’Adda (Italy). 
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The MatLab code in order to calculate the CDF (Cumulative Distribution Function) of the 

attenuation results:  

 

function [probability] = plotCDFDepolarizationImproved(XPD,coeff) 

  
%Function that plot the CDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada 

  
Base0 = 0.00000001; 
Base1 = linspace(0.1,0.9,9); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base0 Base1 Base2 Base3 Base4]; 

  
probability = calculateProbability(XPD,coeff,Base); 

  
figure(1); 
semilogy(Base,probability); 
xlabel('Depolarization Excedeed (dB)'),ylabel('Percentage of the time(%)'); 
title('Depolarization Excedeed CDF') 
axis([0 150 0 10]); 

  

  
function [P_a] = calculateProbability(XPD,coeff,Base) 

  
%Function that calculates de probability for all the attenuations. 

  
Rmax = logspace(log10(0.5),log10(235),10); 
rho0 = linspace(0.5,14,10); 

  
drho0 = rho0(2) - rho0(1); 
87 
dRmax = log(Rmax(2))-log(Rmax(1)); 

  
dx = 0.2; 

  
for i=1:length(Rmax) 
    for s=1:length(rho0) 
        rhot = rho0(s)*log(Rmax(i)+1); 
        dy = 2*rhot/100; 
        for k=1:length(Base) 
            number_higher = length(find(XPD{i+10*(s-1)}> Base(k))); 
            Area(k,i+10*(s-1)) = number_higher*dx*dy; 
        end 
        N(i+10*(s-1)) = CalculateWeight(coeff,Rmax(i),rho0(s)); 
    end 
end 

  
for k=1:length(Base) 
    P_a(k) = 0; 
    for i=1:length(Rmax) 
        for s=1:length(rho0) 
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            P_a(k) = P_a(k) + Area(k,i+10*(s-1))*N(i+10*(s-1))*drho0*dRmax; 
        end 
    end 
end 

  

  

  
function N=CalculateWeight(coeff,RM,rho0) 
 

 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 
  

 
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 

 
if RM>=Ra 

 
    N=0; 

 
Else 

 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 

 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 

 
end 

  

 

 

The CDF describes the probability that a propagation path will be found to have a value less than 

or equal to a XPD value given.  

Then the result of the CDF of the XPD for a link of 40 GHz placed in Spino d’Adda, taking into 

account the rain cells mentioned before results:  
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Fig 32. Horizontal XPD CDF for a link of 40 GHz placed in Spino d’Adda (Italy). 

Fig 33. Vertical XPD CDF for a link of 40 GHz placed in Spino d’Adda (Italy). 
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As we could see, both of the XPD’s CDF are very similar, that is because in this place, the 

depolarization introduced by the rain cells is very similar in the vertical and horizontal directions. 

This could also be observed in the XPD’s PDF because if you make a careful observation to the 

graphics of these, you will observe that they are very similar (similar shape and values).  

 

In these graphics we could see that the probability of having a propagation path that presents 

XPD due to rain is of about 5.5511%. That means that in Spino d’Adda there is depolarization a 

5.5511 % of the time, and the rest of the time do not exist this phenomenon. It is also possible to 

observe the percent of time in which the attenuation exceeds a certain value. 

 

It is also possible to observe this graphics with both axis in logarithmic scale, and we will observe 

that in this case the graphic is similar to the one of the rain rate attenuation but with a more similar 

shape to a square. Let’s see an example:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 34. Vertical XPD CDF for a link of 40 GHz placed in Spino d’Adda (Italy). 
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VIII.Melting Layer: 

 

Above widespread rain, in the melting layer, snow particles melt to raindrops. For satellite 

communications, the depolarization due to rain and ice has been well investigated. Some results 

needed in the calculations of the depolarization due to the melting layer have also been presented.  

However, it is difficult to find a depolarization model, in which the melting layer has been 

considered in addition to rain. So, it is necessary to have some new results on the total 

depolarization due to the melting layer and rain.  

The melting layer is composed of melting particles, which are made up from the mixture of ice, 

air and water. The melting process would be assumed as:  

1. The melting process starts from the 0°C isotherm. On the top of the melting layer (0°C 

isotherm), a melting particle is made up from a mixture of ice and air, and the density ρm 

of the mixture should be ρm > 0.257 g/cm3. Below the bottom of the melting layer, all the 

melting particles have melted to raindrops.  

2. There is a one-to-one relation between the melting particle and the raindrop. The mass 

M of the melting particle does not change during the melting process. So, Nv=constant, 

where N is the number of melting particles per unit volume, and v is the falling velocity 

of the melting particle. 

The shape and orientation for both the melting particles and raindrops may be described  in the 

following way:  

3. The oblate spheroid melting particle or raindrop has a major semi axis b and a minor 

semi axis a, the ratio a/b = 1- ae, where ae(cm) is the effective radius of the melting 

particle or raindrop.  

4. For the melting particle and raindrop, it was approximated that the canting angle 

component and the longitudinal angle component are independently Gaussian 

distributed.  

 

The falling velocity v(m/s) of the melting particle is related to the falling velocity vw(m/s) of the 

raindrop by:  
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where ρw = 1 g/cm3 is the density of water, and Q is the mass fraction which is the ratio of melted 

mass to total mass of the melting particle. The average dielectric constant εav of the melting 

particle can be obtained from:  

    
               

        
 

  
   

      
 

   

      
     

   

  
     

   
   

            
 

where    is the volume fraction of the mixture of ice and air, εw is the dielectric constant of water, 

εia is the dielectric constant of the mixture of air and ice, and clog is the complex logarithm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig 35. The dielectric constant of the mixture of ice and air εia as a 

function of the frequency (GHz), ρw = 0.3 g/cm
3
. 
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The mass fraction Q is related to h, which is a depth from the top (0°C isotherm) of the meting 

layer. The relation Qαh is given by: 

           

             
  

                      

                             
 

          
     

 
                      

                       

where   = 335 J/g,   = 2500 J/g,  =0.024 J/m·s·K,    =0.225·10-4 m2/s, and   (cm) is the average 

effective radius of raindrops.    depends on the raindrop size distribution and rain rate R(mm/h). 

It is possible to obtain the      (R≤ 12.5 mm/h) formulae for five raindrop size distributions: 

                                  

                                     
           

                

                           

                         

                        

 

By using the point matching technique and the melting layer model, the numerical results of the 

average specific attenuation           (dB/km) and the average specific phase shift     
       (deg/km) of the 

melting layer have been carried out over the frequency range of 1-100 GHz, where the sub indices 

h and v are corresponding to the horizontal and vertical polarizations, respectively, when the 

direction of wave propagation is perpendicular to the minor semi axes a of the melting particle. The 

power law relations of               
      

 
  

  

  
  and     

          
      

 
  

   

  
  have been obtained for the 

rain rate range of 0-12.5 mm/h.  

 

The power law of rain specific attenuation          
      

 
  

  

  
  and rain specific phase shift 

         
      

 
  

   

  
   has been obtained also for the rain rate range of 0-12.5 mm/h by using the 

point matching method.  
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The rain height can be found by using meteorological data or in the literature. For example, the 

effective path length LR through the rain for L-P raindrop size distribution can be written as:  

   
 

                                     
 

where θ is the elevation angle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Fig 36. The total depth of the melting layer (m) as a function fo the rain rate 

R(mm/h) and raindrop size distribution; 1 lognormal, 2 gamma, 3 Weibull, 4 Laws 

and Parsons and 5 Marshall and Palmer; ρw = 0.3 g/cm
3
. 
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*MatLab Code: 

The MatLab code in order to calculate the rain rate below the melting layer (only those values in 

order to calculate the attenuation of the Melting Layer), is:  

 

function [RainRateML,pas] = 

rainRateML(Rmax,rho0,theta,heigth,pasx,numberStepsy,f) 

  
%Makes an iteration for every possible position in order to determine the 
%rain rate along the propagation path with a unique inclination angle 
% 
%Sintaxis : [Rain] = rainRate(pas,theta,heigth,pasx,pasy) 
%Plot the rain rate for a characteristic tilted propagation path and 
%iterate the process for describing all possible paths. 

  
Rlow = 1; 

  
rhot = rho0*log((Rmax/Rlow)+1); 

  
%Change the theta angle to radians 

 
theta = theta*(pi/180); 

  
%Calculate the pas y 

 
pasy = (2*rhot)/numberStepsy; 

  
%Iteration above the different Rain Cells 

         
%Determine the step required 

 
pas = calculateStep(Rmax,rho0); 

         
%Iteration within the y positions 

 
posy = rhot-0.05; 
iny = 1; 

  
while(posy >= -rhot) 
    [RainRateML{iny},axisML{iny}] = 

rainRateXML(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx,f); 
    iny = iny +1; 
    posy = posy - pasy; 

     
end 
  

 
%Plot different Rain Rates along the different Propagation Paths in order 
%to see the performance of the approximation 

  
i = 1; 
for s=69:70 
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    for k=55:59 
        Rain = RainRateML{s}; 
        x = axisML{s}; 
        figure(2); 
        subplot(5,2,i),plot(axisML{s},Rain(:,k),'b'); 
        xlabel('Distance to the center of the cell [km]'); 
        ylabel('Rain Rate [mm/h]'); 
        title(['Rain Rate in the Propagation path, in the coordinates 

(',num2str(x(1 + (k-1)*round(pasx/pas*cos(theta)))),',',num2str(rhot-0.05-(s-

1)*pasy),')']); 
        i = i + 1; 
    end 
end 

  
end 
   

 
%------------------------------------------------------------------------- 
  

 
function [RainRate,xtrans] = 

rainRateXML(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx,f) 

  
%Calculate the height of the Melting Layer 

  
heightML = 4.58*exp(-0.0675*f)+0.51; 

  
%Iteration for finding the different Rain Rates in the different paths  
%(only through the Meling Layer)with a determinate Position y 

  
inx = 1; 
  

%Assigment of the Initial x position 
posx = -(sqrt(rhot^2-posy^2)+((heigth+heightML)/tan(theta))); 
x = posx:pas*cos(theta):sqrt(rhot^2-posy^2); 
xtrans = x; 
rho = sqrt(posy^2+x.^2); 
initialx = 1; 

  
coeffRho = find(rho <= rhot); 

  
first = 1; 
%Iteration along all the posible positions with a fixed y position 
while(initialx <= length(rho)) 
    if(first == 1) 
        RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start1 = coeffRho(1);  
        else 
            start1 = initialx; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
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        h = h_index.*(pas*tan(theta)); 

         
        %Search the coefficient where the height of the path is high than 
        %the height of the cell 

         
        heightcell = find(h >= heigth); 
        if(isempty(heightcell) == 1) 
            start2 = length(rho); 
        else 
            start2 = heightcell(1); 
        end 

  
            heigthmax = find(h >= (heigth+heightML)); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            if(start2>coeffRho(1)) 

             
                r = rho(start2:final); 
                RainRate(start2:final,inx) = (Rmax+Rlow)*exp(-r./rho0)-1; 
            end 

             
            RainAnterior = RainRate(:,inx); 
            startAnterior = start2; 
            finalAnterior = final; 
    else 

 
       RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1); 
            RainRate(1:finalAnterior) = RainAnterior; 
            start = finalAnterior+1; 
        else 
            start = initialx; 

 RainRate(initialx:finalAnterior) = 

RainAnterior(initialx:finalAnterior); 
            start = finalAnterior+1; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            r = rho(start:final); 
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            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            finalAnterior = final;  
    end 

  
    initialx = initialx + round(pasx/pas*cos(theta)); 
    inx = inx +1; 
end 

  
end 
  

 
%------------------------------------------------------------------------ 

 

 
function [step] = calculateStep(Rmax,rho0) 

  
%Calculate the step required for a correct sampling of the rainy 
%propagation path depending on Rmax and rho0(which define the sharpness of 
%the Rain Cell). 

 
C = Rmax/rho0; 

  
if (C >= 350) 
    step = 0.004; 
elseif ((C < 350) && (C >=200)) 
    step = 0.01; 
elseif ((200 > C) && (C >=50)) 
    step = 0.02; 
elseif ((50 > C) && (C >= 10)) 
    step = 0.025; 
else  
    step = 0.03; 
end 

  
end 

 

 

Once we have the code implemented, is time to test it. In order to test it we will see a pair of 

examples of its application.  

Remember that the objective is to calculate the attenuation through the melting layer above a 

stratiform rain cell (0-12.5 mm/h), so this is just an intermediate step in order to achieve the final 

goal that is the correct prediction of the attenuation in the melting layer. However, the precision of 

this step is of huge importance, because if the rain rate is not well calculated, the attenuation will 

be also wrong, because the attenuation depends strictly on the rain rate below the melting layer as 

explained before.  
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Let’s see now a pair of example of application of this code:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As this propagation paths does not pass through the center of the cell, the rain rate below the 

melting layer never arrives to the maximum (Rmax = 5 mm/h). They have their maximums in a 

lower value (approximately 2 mm/h). 

In this example is possible to observe that all the paths represented start outside the rain cell, 

because the rainfall profile passes gradually from 0 mm/h to higher values, which indicates that the 

radiometer position is outside the rain cell. 

It is also possible to observe that the propagation paths never cross all the cell horizontally, 

because the rainfall rate profile always fall from a high value to zero directly. That means that the 

propagation path in some point has higher altitude than the rain cell, so the rainfall rate becomes 

zero instantaneously.  
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Fig 37. Some examples of rainfall rate below the melting layer of some propagation paths in a rain cell with 

Rmax of 5 mm/h and ρ0 of 2 km. Using a step in the horizontal direction of 100 m and in the vertical direction 

we have 100 different positions. With an elevation angle of 10° and a height of the rain cell of 3 km. The 

frequency of the link is of 40 GHz.   
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Let’s see another example of application of this code:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As this propagation paths passes through the center of the cell, the rain rate below the melting 

layer arrives to the maximum (Rmax = 5 mm/h). 

In this example is possible to observe that all the paths represented start outside the rain cell, 

because the rainfall profile passes gradually from 0 mm/h to higher values, which indicates that the 

radiometer position is outside the rain cell. 

It is also possible to observe that the propagation paths never cross all the cell horizontally, 

because the rainfall rate profile always fall from a high value to zero directly. That means that the 

propagation path in some point has higher altitude than the rain cell, so the rainfall rate becomes 

zero instantaneously.  
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Fig 38. Some examples of rainfall rate below the melting layer of some propagation paths in a rain cell with 

Rmax of 5 mm/h and ρ0 of 2 km. Using a step in the horizontal direction of 100 m and in the vertical direction 

we have 100 different positions. With an elevation angle of 10° and a height of the rain cell of 3 km. The 

frequency of the link is of 40 GHz.   
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The MatLab code in order to calculate the PDF (Probability Distribution Function) of the 

attenuation through the melting layer results:  

function [probability] = plotPDFAttenuationML(Attenuation,coeff) 

  
%Function that plot the PDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada. 
total = 0; 
for i=1:100 
    total = total + sum(Attenuation{i}); 
end 

  
Base1 = linspace(0,0.9,10); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,140,10); 

  
Base = [Base1 Base2 Base3 Base4]; 
PDF = zeros(1,length(Base)); 

  

  
Rmax = logspace(log10(0.5),log10(12.55),10); 
rho0 = linspace(0.5,14,10); 

  
for i=1:100 
    r = ceil(i/10); 
    s = i-(r-1)*10; 
    y = hist(Attenuation{i},Base); 
    %Take into account the steps of Rmax and rho0!!!! 
    weight = CalculateWeight(coeff,Rmax(r),rho0(s)); 
    y = weight*y; 
    PDF = PDF + y; 
end  

  

  
probability = (PDF/total)*100; 

  

  
figure(1); 
bar(Base,probability); 
xlabel('Attenuation (dB)'), ylabel('Probability of having Attenuation in the 

propagation path (%)'); 
title('Probability Density Function of the Attenuation through the rain Cell'); 

  

  
function N=CalculateWeight(coeff,RM,rho0) 
% 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
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Probability Density Function of the Attenuation through the rain Cell

% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
else 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 

 

The PDF shows the probability of having a propagation path with the attenuation required. It 

takes into consideration all the rain cells of the study (the whole 100 rain cells). 

Then the result of the PDF of the attenuation for a link of 40 GHz placed in Spino d’Adda, taking 

into account the rain cells mentioned before results:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 39. Attenuation’s PDF through ML for a link of 40 GHz placed in Spino d’Adda (Italy). 
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As we could see, the probability of having propagation paths with low attenuation is higher than 

the probability of having propagation paths with high attenuation. That is normal, because in Spino 

d’Adda is typical to have stratiform clouds which produce lower attenuations. Normally, there are 

no convective clouds, which are the responsible of producing high attenuations.  

As we could see the probabilities are low (order of 10-5), that is because we are also considering 

that is possible to have no rain cell (that means a clear sky) or cells with no melting layer above it 

(Rmax > 12.5 mm/h). So the probabilities of having a propagation path with these attenuations are 

expressed considering the whole year time (also including the parts of the year when there are no 

clouds, and we have a clear sky).  

 

The MatLab code in order to calculate the CDF (Cumulative Distribution Function) of the 

attenuation results:  

 

function [probability] = plotCDFAttenuationMLImproved(Attenuation,coeff) 

  
%Function that plot the CDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada 

  
Base0 = 0.00000001; 
Base1 = linspace(0.1,0.9,9); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base0 Base1 Base2 Base3 Base4]; 

  
probability = calculateProbability(Attenuation,coeff,Base); 

  
figure(1); 
loglog(Base,probability); 
xlabel('Rain Attenuation Excedeed (dB)'),ylabel('Percentage of the time(%)'); 
title('Rain Attenuation Excedeed CDF') 
axis([0 150 0 10]); 

  

  
function [P_a] = calculateProbability(Attenuation,coeff,Base) 

  
%Function that calculates de probability for all the attenuations. 

  
Rmax = logspace(log10(0.5),log10(12.5),10); 
rho0 = linspace(0.5,14,10); 

  
drho0 = rho0(2) - rho0(1); 
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dRmax = log(Rmax(2))-log(Rmax(1)); 

  
dx = 0.2; 

  
for i=1:length(Rmax) 
    for s=1:length(rho0) 
        rhot = rho0(s)*log(Rmax(i)+1); 
        dy = 2*rhot/100; 
        for k=1:length(Base) 
            number_higher = length(find(Attenuation{i+10*(s-1)}> Base(k))); 
            Area(k,i+10*(s-1)) = number_higher*dx*dy; 
        end 
        N(i+10*(s-1)) = CalculateWeight(coeff,Rmax(i),rho0(s)); 
    end 
end 

  
for k=1:length(Base) 
    P_a(k) = 0; 
    for i=1:length(Rmax) 
        for s=1:length(rho0) 
            P_a(k) = P_a(k) + Area(k,i+10*(s-1))*N(i+10*(s-1))*drho0*dRmax; 
        end 
    end 
end 

  

  

  
function N=CalculateWeight(coeff,RM,rho0) 
% 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
else 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 
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The CDF describes the probability that a propagation path will be found to have a value less than 

or equal to an attenuation given.  

Then the result of the CDF of the attenuation for a link of 40 GHz placed in Spino d’Adda, taking 

into account the rain cells mentioned before results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In that graphic we could see that the probability of having a propagation path that presents 

attenuation due to rain is of about 2.4323%. That means that in Spino d’Adda a melting layer is 

present a 2.4323 % of the time, and the rest of the time of the year or is sunny or it is raining with a 

convective rain cell, which does not have a melting layer above it.  

This also means that just a 2.4323% of the time we will have to take care of the attenuation 

caused by the melting layer, but we have to be careful, because when it is present, this attenuation 

has an important impact on the attenuation of the communication link.  
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Fig 40. Attenuation’s CDF for a link of 40 GHz placed in Spino d’Adda (Italy),both axis in logarithmic scale. 
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In that graphic we could see that the probability of having a propagation path that presents 

attenuation due to rain is of about 2.4323%. That means that in Spino d’Adda a melting layer is 

present a 2.4323 % of the time, and the rest of the time of the year or is sunny or it is raining with a 

convective rain cell, which does not have a melting layer above it.  

This graphic differs from the previous one in the fact that in the previous one both axis were 

represented in logarithmic scale, and in this one only the vertical one is in logarithmic scale, while 

the horizontal one is represented in linear scale. Both are common manners of representing the 

CDF of the attenuation profile.  

The graphic seems to be correct because it presents logical values, it decreases while the 

attenuation increments, because it is less probable to have high attenuations. 
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Fig 41. Attenuation’s CDF for a link of 40 GHz placed in Spino d’Adda (Italy),vertical axis in logarithmic scale. 
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VIII.1.Melting Layer Depolarization 

By using the multiple scattering theory in the melting layer and rain, the cross polarization 

discrimination (XPD), the cross polarization isolation (XPI), and the co-polarization attenuation 

(CPA) can be expressed as:  

           
                  

                 
          

 

               

 

                                                 

where         is the effective canting angle,    is the mean value of the  canting angle with 

the Gaussian distribution and r is the polarization tilt angle of the incident wave relative to the 

horizontal direction (      can be used for the circular polarization), “+” and “-“ are 

corresponding to the maximum and minimum effective canting angle, and: 

 

                
 

  

      
         

 

    
            

 

    
   

 

          
  

        
                         

 

    
          

 

    
           

   

 

where                        is the differential 

specific attenuation,                 
    

   is 

the differential specific phase shift, and σ is the effective 

standard deviation of the canting angle with the 

Gaussian distribution.  

 

Fig 42.Calculated XPD at 10 GHz due to melting layer and 

rain as a function of rain Rate R (mm/h); v vertical polarization; c 

circular polarization; solid line for the melting layer and rain and 

dashed line for rain. 
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*MatLab Code: 

The MatLab code in order to calculate the XPD (cross polarization discrimination), XPI (cross 

polarization isolation) and CPA (co-polarization attenuation) is:  

 

function [XPD,XPI,CPA] = depolarizationML(Ah,Aha,Av,Ava) 

  
%Function that calculates the depolarization (XPD,XPI and CPA) through the 
%melting layer for a link of frequency 40 GHz. 

 

  
%Change the theta angle to radians 
theta = 37.7*(pi/180); 

  
%Calculate the height of the Melting Layer 
heightML = 4.58*exp(-0.0675*40)+0.51; 

  
for i=1:100 

     
    %Calculate the differential specific attenuations 
    diff_att = Ah{i}-Av{i}; 
    diff_att_av = Aha{i}-Ava{i}; 

  
    %Calculate landa_1-landa_2 
    diff_landa = (cos(theta))^2*((-

1/(20*log10(exp(1))))*(diff_att.*heightML+diff_att_av.*(heightML/sin(theta)))); 

  
    %Calculate the variable for the CPA 
    cnt = exp((-

1/(2*20*log10(exp(1))))*((Ah{i}+Av{i}).*heightML+(Aha{i}+Ava{i}).*(heightML/sin(

theta))-

(diff_att.*heightML+diff_att_av.*(heightML/sin(theta))).*(cos(theta))^2)); 

  
    %Calculate XPD and XPI 
    XPD_path = -20*log10(abs((cos(theta)*sin(theta).*(exp(diff_landa)-

1))./(((cos(theta))^2).*exp(diff_landa)+(sin(theta))^2))); 

 
    XPI_path = XPD_path; 

  
    %Calculate CPA 
    CPA_path = -20*log10(abs(cnt))-

20*log10(abs((cos(theta))^2*exp(diff_landa)+(sin(theta))^2)); 

     
    XPD{i} = XPD_path; 

 
    XPI{i} = XPI_path; 

 
    CPA{i} = CPA_path; 

 
end 
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This code is not strictly generated for a specific frequency link, because it only depends on the 

variables: horizontal and vertical specific attenuation (and its average values). So if we insert the 

specific attenuations for a specific frequency we will obtain the specific depolarization for that 

frequency.  

As it is possible to observe, we omit the specific phase shift parameters. That’s because after 

several analysis we had arrive to the conclusion that the impact of these variables in the result of 

the depolarization is minimum. So we can omit them and the result will be still correct.  

 

The MatLab code in order to calculate the PDF (Probability Distribution Function) of the 

depolarization results:  

function [probability] = plotPDepolarization(XPD,coeff) 

  
%Function that plot the PDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada. 
 

total = 0; 
for i=1:100 
    total = total + sum(XPD{i}); 
end 

  
Base1 = linspace(0,0.9,10); 
Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base1 Base2 Base3 Base4]; 
 

PDF = zeros(1,length(Base)); 

  

  
Rmax = logspace(log10(0.5),log10(235),10); 
 

rho0 = linspace(0.5,14,10); 

  
for i=1:100 
    r = ceil(i/10); 
    s = i-(r-1)*10; 
    y = hist(XPD{i},Base); 
    %Take into account the steps of Rmax and rho0!!!! 
    weight = CalculateWeight(coeff,Rmax(r),rho0(s)); 
    y = weight*y; 
    PDF = PDF + y; 
end  

  
 

  
probability = (PDF/total)*100; 
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figure(1); 
 

bar(Base,probability); 
 

xlabel('Attenuation (dB)'), ylabel('Probability of having Attenuation in the  

propagation path (%)'); 
 

title('Probability Density Function of the Attenuation through the rain Cell'); 

  

  
function N=CalculateWeight(coeff,RM,rho0) 
 

% 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
else 
 

    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
 

    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 

 

The PDF shows the probability of having a propagation path with the depolarization required. It 

takes into consideration all the rain cells of the study (the whole 100 rain cells). 

Then the result of the PDF of the depolarization for a link of 40 GHz placed in Spino d’Adda, 

taking into account the rain cells mentioned before results: 
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As we could see, the probability of having propagation paths with high XPD is higher than the 

probability of having propagation paths with low XPD. That is because the XPD generated by the 

Melting Layer is very important factor in the attenuation of the signals transmitted through the 

atmosphere, and we have to take care of it.   

As we could see the probabilities are low (order of 10-5), that is because we are also considering 

that is possible to have no rain cell (that means a clear sky). So the probabilities of having a 

propagation path with these attenuations are expressed considering the whole year time (also 

including the parts of the year when there are no clouds, and we have a clear sky).  

 

The MatLab code in order to calculate the CDF (Cumulative Distribution Function) of the 

attenuation results:  

function [probability] = plotCDFXPDMLImproved(XPD,coeff) 

  
%Function that plot the CDF for the Attenuation along the different Rain 
%Cells present in Spino d'Ada 
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Fig 43.XPD and XPI PDF through the Melting Layer, placed in Spino d’Adda at a frequency 

of 40 GHz.  
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% Base0 = 0.00000001; 
% Base1 = linspace(0.1,0.9,9); 
% Base2 = linspace(1,10,10); 
Base3 = linspace(15,50,8); 
Base4 = linspace(60,150,10); 

  
Base = [Base3 Base4]; 

  
probability = calculateProbability(XPD,coeff,Base); 

  
figure(1); 
loglog(Base,probability); 
xlabel('XPD and XPI Exceeded in the melting layer (dB)'),ylabel('Percentage of 

the time(%)'); 
title('Depolarization and Isolation Excedeed CDF') 
axis([0 150 0 10]); 

  

  
function [P_a] = calculateProbability(XPD,coeff,Base) 

  
%Function that calculates de probability for all the attenuations. 

  
Rmax = logspace(log10(0.5),log10(12.5),10); 
rho0 = linspace(0.5,14,10); 

  
drho0 = rho0(2) - rho0(1); 
dRmax = log(Rmax(2))-log(Rmax(1)); 

  
dx = 0.2; 

  
for i=1:length(Rmax) 

 
    for s=1:length(rho0) 

 
        rhot = rho0(s)*log(Rmax(i)+1); 
        dy = 2*rhot/100; 
        for k=1:length(Base) 

 
            number_higher = length(find(XPD{i+10*(s-1)}> Base(k))); 
            Area(k,i+10*(s-1)) = number_higher*dx*dy; 

 
        end 

 
        N(i+10*(s-1)) = CalculateWeight(coeff,Rmax(i),rho0(s)); 

 
    end 

 
end 

  
for k=1:length(Base) 

 
    P_a(k) = 0; 
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    for i=1:length(Rmax) 

 
        for s=1:length(rho0) 

 
            P_a(k) = P_a(k) + Area(k,i+10*(s-1))*N(i+10*(s-1))*drho0*dRmax; 

 
        end 

 
    end 

 
end 

  

  

  
function N=CalculateWeight(coeff,RM,rho0) 
% 
% This script calculates the rain cells' probability of occurrence for the 
% SC EXCELL model. 
% 
% INPUT 
%   coeff = parameters for the curve fitting of the input 1-min P(R) 
%   RM = peak rain rate of the cell (mm/h) 
%   rho0 = radius of the cell (km) 
% 
% OUTPUT 
%   N = weight of the cell 
% 
% By: Lorenzo Luini 
% Release (dd/mm/yy): 4.4.2014 

  
P0=coeff(1); 
n=coeff(2); 
Rl=coeff(3); 
Ra=coeff(4); 
if RM>=Ra 
    N=0; 
else 
    ro0medio=1.7*((RM/6).^(-10)+(RM/6).^(-0.26)); 
    Nast=-(1/(4*pi*(ro0medio).^2))*(-n*(n-1)*(n-

2))*P0*(log((Ra+Rl)/(RM+Rl))).^(n-3); 
    N=Nast*(1/ro0medio)*exp(-(rho0/ro0medio)); 
end 

  

 

This code is valid for calculating the CDF for the XPD and the XPI. If we want to use it in order to 

calculate the CDF of the CPA (co-polarization attenuation), the only thing we should do is change 

the base.  

 

The CDF describes the probability that a propagation path will be found to have a value less than 

or equal to a XPD value given.  
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Then the result of the CDF of the XPD for a link of 40 GHz placed in Spino d’Adda, taking into 

account the rain cells mentioned before results:  
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Fig 44.XPD and XPI CDF through the Melting Layer, placed in Spino d’Adda at a frequency 

of 40 GHz.  

Fig 45. CPA CDF through the Melting Layer, placed in Spino d’Adda at a frequency of 40 

GHz.  
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IX.Conclusion: 

 

An enhanced version of the rain cell EXCELL model, applicable to the prediction of several 

propagation impairments is presented here. The new proposed model, named SC EXCELL, adds 

three main features to the original EXCELL:  

 Separated contributions to attenuation of stratiform and convective rain. 

 Physical rain height derived from ERA-15 database instead from ITU-R REC. P.839-3. 

 Bright Band or Melting Layer contributions to attenuation. 

 

The modifications introduced allow the rain process responsible for radio wave attenuation to 

have a more physical basis than heretofore. The SC EXCELL is slightly more complex than its original 

version, but is also much more flexible: in fact, some input parameters of the models may be 

modulated to account for the meteorological peculiarities of the geographical area/location. In 

particular, the characteristics of the melting layer (physical depth, equivalent rain height) which are 

expected to be latitude dependent may be changed by modifying the initial density of the melting 

particles and/or the DSD used in the bright band simulator to derive the additional equivalent rain 

layer.  

Tests on the dbsg3 database have shown that the SC EXCELL model gives overall improved 

attenuation prediction results with respect to the original EXCELL: in fact, the SC EXCELL model 

represents a powerful improvement in terms of accuracy and flexibility.   

Fig 46. Spino d’Adda meteorological station, Italy.   
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X.Annex: Final Program: 

 

In this annex, the final program is shown. It is a program where you introduce the maximum rain 

rate in the rain cell, its radius and height, and the elevation angle of the link, and the program itself 

return the attenuation and depolarization inside the rain cell, and the attenuation and the 

parameters of depolarization in the melting layer.  

 

*MatLab Code: 

function [AttenuationRC,AttenuationML,XPDRC_h,XPDRC_v,XPDML,XPIML,CPAML] = 

SCEXCELL(Rmax,rho0,height,theta) 

  
%Function that calculates for a given rain cell, the attenuation and the 
%depolarization caused by the rain cell itselfs, and the attenuation and 
%the depolarization caused by the melting layer if it exists. (All for a 
%link of 40 GHz, if you want to change the frequency you should change the 
%value of the constants)  

  
%Calculation of the rain rate for all the possible paths that crosses the 
%rain cell. 
Rain = rainRateImproved(Rmax,rho0,theta,height,0.2,100); 

  
%Calculation of the attenuation inside the rain cell 
[AttenuationRC] = attenuationCalculator(Rain,Rmax,rho0); 

  
%Calculation of the attenuation in both directions in order to calculate 
%the depolarization 
[AttenuationHor] = attenuationCalculatorHorizontallyPolarized(Rain,Rmax,rho0); 
[AttenuationVer] = attenuationCalculatorVerticallyPolarized(Rain,Rmax,rho0); 

  
%Calculation of the depolarization (XPD) inside the rain cell; 
[XPDRC_h,XPDRC_v] = rainDepolarizationCalculator(AttenuationHor,AttenuationVer); 

  
%For the melting layer we have to differenciate the stratiform clouds and 
%the convective 

  
%Stratiform 
if (Rmax <= 12.5) 

   
    %Calculation of the rain rate below the melting layer 
    RainRateML = rainRateML(Rmax,rho0,theta,height,0.2,100,40); 

     
    %Calculation of the attenuation in the melting layer 
    AttenuationML = attenuationCalculatorML(RainRateML,Rmax,rho0); 

     
    %Calculation of the attenuation and average attenuation in both 
    %directions 
    AttenuationMLHor = attenuationCalculatorMLHorizontal(RainRateML,Rmax,rho0); 
    AttenuationMLVer = attenuationCalculatorMLVertical(RainRateML,Rmax,rho0); 
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    AttenuationMLHor_av = 

attenuationCalculatorMLHorizontalAverage(RainRateML,Rmax,rho0); 
    AttenuationMLVer_av = 

attenuationCalculatorMLVerticalAverage(RainRateML,Rmax,rho0); 

     
    %Calculation of the depolarization inside the melting layer 
    [XPDML,XPIML,CPAML] = 

depolarizationML(AttenuationMLHor,AttenuationMLHor_av,AttenuationMLVer,Attenuati

onMLVer_av); 

  
%Convective     
else 

     
    %As there is no Melting layer in this type of precipitation 
    AttenuationML = []; 
    XPDML,XPIML,CPAML = []; 
end 
end 

  

  

  
% ------------------------------------------------------------------------- 

  
function [R] = rainRateImproved(Rmax,rho0,theta,heigth,pasx,numberStepsy) 

  
%Makes an iteration for every possible position in order to determine the 
%rain rate along the propagation path with a unique inclination angle 
% 
%Sintaxis : [Rain] = rainRate(pas,theta,heigth,pasx,pasy) 
%Plot the rain rate for a characteristic tilted propagation path and 
%iterate the process for describing all possible paths. 

  
Rlow = 1; 
[rhot] = drawCell(Rmax,rho0,Rlow); 

  

  
%Change the theta angle to radians 
theta = theta*(pi/180); 

  
%Calculate the pasy 
pasy = (2*rhot)/numberStepsy; 

  

  
%Determine the step required 
pas = calculateStep(Rmax,rho0); 

         
%Iteration within the y positions 
posy = rhot-0.05; 
iny = 1; 

  

  
while(posy >= -rhot) 
    [R{iny},axis{iny}] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx); 
    iny = iny +1; 
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    posy = posy - pasy; 
end 

  
%Plot different Rain Rates along the different Propagation Paths in order 
%to see the performance of the approximation 

  
% i = 1; 
% for s=1:2 
%     for k=15:19 
%         Rain = R{s}; 
%         x = axis{s}; 
%         figure(2); 
%         subplot(5,2,i),plot(axis{s},Rain(:,k),'b'); 
%         xlabel('Distance to the center of the cell [km]'); 
%         ylabel('Rain Rate [mm/h]'); 
%         title(['Rain Rate in the Propagation path, in the coordinates 

(',num2str(x(1 + (k-1)*round(pasx/pas*cos(theta)))),',',num2str(rhot-0.05-(s-

1)*pasy),')']); 
%         i = i + 1; 
%     end 
% end 

  
end 

  

  
%------------------------------------------------------------------------- 

  

  

  
function [rhot] = drawCell(Rmax,rho0,Rlow) 

  
%Plot the Rain Cell in 2D and in 3D in the same figure 
rhot = rho0*log((Rmax/Rlow)+1); 
rho = linspace(-rhot,rhot,101); 

  
%Plot the Rain Cell in 2D 
for i=1:length(rho) 
    if(rho <= rhot) 
        R(i) = (Rmax+Rlow)*exp(-abs(rho(i))/rho0)-Rlow; 
    else 
        R(i) = 0; 
    end 
end 

  
figure(1); 
subplot(1,2,2),plot(rho,R,'b'); 
title(['Rain Cell of Rmax = ',num2str(Rmax),' mm/h and \rho_t = 

',num2str(rhot),' km']); 
xlabel('\rho [km]'), ylabel('Rmax [mm/h]'); 
grid on; 

  
%Plot the Rain Cell in 3D 
x = rho; 
y = x; 
[xx,yy] = meshgrid(x,y); 
R = (Rmax+Rlow)*exp(-sqrt(xx.^2+yy.^2)/rho0)-Rlow; 
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lowers = find(R < 0); 

  
for i=1:length(lowers) 
    R(lowers(i)) = 0; 
end 

  
subplot(1,2,1),mesh(xx,yy,R); 
axis([-rhot rhot -rhot rhot 0 Rmax]); 
title(['Rain Cell of Rmax = ',num2str(Rmax),' mm/h and \rho_t = 

',num2str(rhot),' km']); 
xlabel('\rho [km]'),ylabel('\rho [km]'),zlabel('R [mm/h]'); 

  
end 

  
%------------------------------------------------------------------------- 

  

  

  
function [RainRate,xtrans] = 

rainRateX(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx) 

  
%Iteration for finding the different Rain Rates in the different paths with 
%a determinate Position y 

  
inx = 1; 
%Assigment of the Initial x position 
posx = -(sqrt(rhot^2-posy^2)+(heigth/tan(theta))); 
x = posx:pas*cos(theta):sqrt(rhot^2-posy^2); 
xtrans = x; 
rho = sqrt(posy^2+x.^2); 
initialx = 1; 

  
coeffRho = find(rho <= rhot); 

  
first = 1; 
%Iteration along all the posible positions with a fixed y position 
while(initialx <= length(rho)) 
    if(first == 1) 
        RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1);  
        else 
            start = initialx; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 



Document: SC-EXCELL XPD 

upgrade 

TFG Memory 

SC-EXCELL XPD 

upgrade 

 
Date: 28/05/2014 

Ricard Pinar Riasol 

Page 99 of 115 

 

            end 

  
            r = rho(start:final); 

  
            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            startAnterior = start; 
            finalAnterior = final; 
    else 
       RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1); 
            RainRate(1:finalAnterior) = RainAnterior; 
            start = finalAnterior+1; 
        else 
            start = initialx; 
            RainRate(initialx:finalAnterior) = 

RainAnterior(initialx:finalAnterior); 
            start = finalAnterior+1; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            r = rho(start:final); 

  
            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            finalAnterior = final;  
    end 

  
    initialx = initialx + round(pasx/pas*cos(theta)); 
    inx = inx +1; 
end 

  
end 

  
%------------------------------------------------------------------------ 

  
function [Attenuation] = attenuationCalculator(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation for an specific cell and plot it 
%like an histogram for the different propagation paths. 
%Sintaxis: [Attenuation] = attenuationCalculator(Rmax,rho0); 
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%  
rhot = rho0*log(Rmax+1); 
pas = calculateStep(Rmax,rho0); 

  
%Definition of the parameters for calculating the attenuation at a 
%frequency of 50 GHz 

  
kappa = 0.6496; 
alpha = 0.7912; 

  
%Calculation of the attenuation for that specific cell 

  
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kappa*(R(s,k)^alpha); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    Attenuation(i) = Attenuat(noZero(i)); 
end 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [Attenuation] = 

attenuationCalculatorHorizontallyPolarized(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation for an specific cell and plot it 
%like an histogram for the different propagation paths. 
%Sintaxis: [Attenuation] = attenuationCalculator(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 

  
%Definition of the parameters for calculating the attenuation at a 
%frequency of 49.49 GHz for canting angle and elevation angle 0º 

  
kappa_h = 0.64305; 
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alpha_h = 0.86377; 
kappa_v = 0.60942; 
alpha_v = 0.85573; 

  
%Calculation of the attenuation parameters  at a frequency of 49.49 GHz, 
%for a elevation angle of 37.7º and a canting angle of 0º 

  
angle = (37.7*pi)/180; 

  
k_h = (kappa_h+kappa_h*(cos(angle))^2)/2; 
k_v = (kappa_v-kappa_v*(cos(angle))^2)/2; 
kappa = k_h+k_v; 
a_h = (alpha_h*kappa_h+alpha_h*kappa_h*(cos(angle))^2)/(2*kappa); 
a_v = (alpha_v*kappa_v-alpha_v*kappa_v*(cos(angle))^2)/(2*kappa); 
alpha = a_h+a_v; 

  
%Calculation of the attenuation for that specific cell 

  
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = k_h*(R(s,k)^a_h); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    Attenuation(i) = Attenuat(noZero(i)); 
end 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [Attenuation] = 

attenuationCalculatorVerticallyPolarized(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation for an specific cell and plot it 
%like an histogram for the different propagation paths. 
%Sintaxis: [Attenuation] = attenuationCalculator(Rmax,rho0); 
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pas = calculateStep(Rmax,rho0); 

  
%Definition of the parameters for calculating the attenuation at a 
%frequency of 49.49 GHz for canting angle and elevation angle 0º 

  
kappa_h = 0.64305; 
alpha_h = 0.86377; 
kappa_v = 0.60942; 
alpha_v = 0.85573; 

  
%Calculation of the attenuation parameters  at a frequency of 49.49 GHz, 
%for a elevation angle of 37.7º and a canting angle of 0º 

  
angle = (37.7*pi)/180; 

  
k_h = (kappa_h+kappa_h*(cos(angle))^2)/2; 
k_v = (kappa_v-kappa_v*(cos(angle))^2)/2; 
kappa = k_h+k_v; 
a_h = (alpha_h*kappa_h+alpha_h*kappa_h*(cos(angle))^2)/(2*kappa); 
a_v = (alpha_v*kappa_v-alpha_v*kappa_v*(cos(angle))^2)/(2*kappa); 
alpha = a_h+a_v; 
%Calculation of the attenuation for that specific cell 

  
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = k_v*(R(s,k)^a_v); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    Attenuation(i) = Attenuat(noZero(i)); 
end 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [XPD_h,XPD_v] = 

rainDepolarizationCalculator(AttenuationHorizontal,AttenuationVertical) 
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%Function that calculates the XPD (cross-polarization discrimination) in 
%the rain cell 
%Sintaxis:  
%[XPD] =depolarizationCalculator(AttenuationHorizontal,AttenuationVertical) 

  
%Definition of the tilt angle 

  
tilt = 37.7*(pi/180); 

  
%Iterate along the different rain Cells 

  
    Att_h = AttenuationHorizontal; 
    Att_v = AttenuationVertical; 

     
    for k=1:length(Att_h) 

         
        %Transmission Coefficients: 

         
        T1 = exp(-Att_v(k)); 
        T2 = exp(-Att_h(k)); 

         
        %Polarization Coefficients: 

         
        a11 = T1*(cos(tilt))^2+T2*(sin(tilt))^2; 
        a22 = T1*(sin(tilt))^2+T2*(cos(tilt))^2; 
        a12 = ((T2-T1)/2)*(sin(tilt))^2; 
        a21 = a12; 

         
        %Cross-polarization Discrimination: 

         
        XPDv(k) = 20*log10(abs(a11)/abs(a12)); 
        XPDh(k) = 20*log10(abs(a22)/abs(a21)); 

         
    end 

     
    XPD_h = XPDh; 
    XPD_v = XPDv; 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [RainRateML] = rainRateML(Rmax,rho0,theta,heigth,pasx,numberStepsy,f) 

  
%Makes an iteration for every possible position in order to determine the 
%rain rate along the propagation path with a unique inclination angle 
% 
%Sintaxis : [Rain] = rainRate(pas,theta,heigth,pasx,pasy) 
%Plot the rain rate for a characteristic tilted propagation path and 
%iterate the process for describing all possible paths. 

  
Rlow = 1; 

  
rhot = rho0*log((Rmax/Rlow)+1); 
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%Change the theta angle to radians 
theta = theta*(pi/180); 

  
%Calculate the pas y 
pasy = (2*rhot)/numberStepsy; 

  
%Iteration above the different Rain Cells 

         
%Determine the step required 
pas = calculateStep(Rmax,rho0); 

         
%Iteration within the y positions 
posy = rhot-0.05; 
iny = 1; 

  
while(posy >= -rhot) 
    [RainRateML{iny},axisML{iny}] = 

rainRateXML(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx,f); 
    iny = iny +1; 
    posy = posy - pasy; 

     
end 

  
%Plot different Rain Rates along the different Propagation Paths in order 
%to see the performance of the approximation 

  
% i = 1; 
% for s=50:51 
%     for k=68:72 
%         Rain = RainRateML{s}; 
%         x = axisML{s}; 
%         figure(2); 
%         subplot(5,2,i),plot(axisML{s},Rain(:,k),'b'); 
%         xlabel('Distance to the center of the cell [km]'); 
%         ylabel('Rain Rate [mm/h]'); 
%         title(['Rain Rate in the Propagation path, in the coordinates 

(',num2str(x(1 + (k-1)*round(pasx/pas*cos(theta)))),',',num2str(rhot-0.05-(s-

1)*pasy),')']); 
%         i = i + 1; 
%     end 
% end 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [RainRate,xtrans] = 

rainRateXML(Rmax,Rlow,posy,rhot,rho0,pas,theta,heigth,pasx,f) 

  
%Calculate the height of the Melting Layer 

  
heightML = 4.58*exp(-0.0675*f)+0.51; 

  
%Iteration for finding the different Rain Rates in the different paths  
%(only through the Meling Layer)with a determinate Position y 
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inx = 1; 

  
%Assigment of the Initial x position 
posx = -(sqrt(rhot^2-posy^2)+((heigth+heightML)/tan(theta))); 
x = posx:pas*cos(theta):sqrt(rhot^2-posy^2); 
xtrans = x; 
rho = sqrt(posy^2+x.^2); 
initialx = 1; 

  
coeffRho = find(rho <= rhot); 

  
first = 1; 
%Iteration along all the posible positions with a fixed y position 
while(initialx <= length(rho)) 
    if(first == 1) 
        RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start1 = coeffRho(1);  
        else 
            start1 = initialx; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

         
        %Search the coefficient where the height of the path is high than 
        %the height of the cell 

         
        heightcell = find(h >= heigth); 
        if(isempty(heightcell) == 1) 
            start2 = length(rho); 
        else 
            start2 = heightcell(1); 
        end 

  
            heigthmax = find(h >= (heigth+heightML)); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            if(start2>coeffRho(1)) 

             
                r = rho(start2:final); 

  
                RainRate(start2:final,inx) = (Rmax+Rlow)*exp(-r./rho0)-1; 
            end 

             
            RainAnterior = RainRate(:,inx); 
            startAnterior = start2; 
            finalAnterior = final; 
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    else 
       RainRate(:,inx) = zeros(length(x),1); 

  
        if(initialx < coeffRho(1)) 
            start = coeffRho(1); 
            RainRate(1:finalAnterior) = RainAnterior; 
            start = finalAnterior+1; 
        else 
            start = initialx; 
            RainRate(initialx:finalAnterior) = 

RainAnterior(initialx:finalAnterior); 
            start = finalAnterior+1; 
        end 

  
        h1 = zeros(1,initialx); 
        h2 = 1:1:length(rho)-initialx; 
        h_index = [h1 h2]; 
        h = h_index.*(pas*tan(theta)); 

  
            heigthmax = find(h >= heigth); 
            if(isempty(heigthmax) == 1) 
                final = length(rho); 
            else 
                final = heigthmax(1); 
            end 

  
            r = rho(start:final); 

  
            RainRate(start:final,inx) = ((Rmax+Rlow)*exp(-r./rho0))-1; 

             
            RainAnterior = RainRate(:,inx); 
            finalAnterior = final;  
    end 

  
    initialx = initialx + round(pasx/pas*cos(theta)); 
    inx = inx +1; 
end 

  
end 

  
% ------------------------------------------------------------------------- 

  
function [AttenuationML] = attenuationCalculatorML(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation in the Melting Layer for an 
%specific cell and plot it like an histogram for the different propagation 
%paths. 
%Sintaxis: [AttenuationML] = attenuationCalculatorML(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 

  
theta = 37.7*(pi/180); 
%Definition of the parameters for calculating the attenuation in the 
%Melting Layer at a frequency of 40 GHz 
kh = 0.324; 
kv = 0.285; 
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ah = 1.07; 
av = 1.06; 

  
k = (kh+kv+(kh-kv)*(cos(theta))^2)/2; 
a = (kh*ah+kv*av+(kh*ah-kv*av)*(cos(theta))^2)/(2*k); 

  
%Calculation of the Attenuation in the Melting Layer for that specific cell 
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = k*(R(s,k)^a); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    AttenuationML(i) = Attenuat(noZero(i)); 
end 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [AttenuationML] = attenuationCalculatorMLHorizontal(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation in the Melting Layer for an 
%specific cell and plot it like an histogram for the different propagation 
%paths. 
%Sintaxis: [AttenuationML] = attenuationCalculatorML(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 

  
theta = 37.7*(pi/180); 
%Definition of the parameters for calculating the attenuation in the 
%Melting Layer at a frequency of 40 GHz 
kh = 0.324; 
ah = 1.07; 

  

  
%Calculation of the Attenuation in the Melting Layer for that specific cell 
aux = size(Rain); 
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nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kh*(R(s,k)^ah); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    AttenuationML(i) = Attenuat(noZero(i)); 
end 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [AttenuationML] = 

attenuationCalculatorMLHorizontalAverage(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation in the Melting Layer for an 
%specific cell and plot it like an histogram for the different propagation 
%paths. 
%Sintaxis: [AttenuationML] = attenuationCalculatorML(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 
theta = 37.7*(pi/180); 

  
%Definition of the parameters for calculating the attenuation in the 
%Melting Layer at a frequency of 40 GHz 
kh = 0.529; 
ah = 0.967; 

  

  
%Calculation of the Attenuation in the Melting Layer for that specific cell 
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
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    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kh*(R(s,k)^ah); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    AttenuationML(i) = Attenuat(noZero(i)); 
end 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [AttenuationML] = attenuationCalculatorMLVertical(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation in the Melting Layer for an 
%specific cell and plot it like an histogram for the different propagation 
%paths. 
%Sintaxis: [AttenuationML] = attenuationCalculatorML(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 
theta = 37.7*(pi/180); 

  
%Definition of the parameters for calculating the attenuation in the 
%Melting Layer at a frequency of 40 GHz 
kv = 0.285; 
av = 1.06; 

  

  
%Calculation of the Attenuation in the Melting Layer for that specific cell 
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kv*(R(s,k)^av); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
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        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 

  
for i=1:length(noZero) 
    AttenuationML(i) = Attenuat(noZero(i)); 
end 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [AttenuationML] = 

attenuationCalculatorMLVerticalAverage(Rain,Rmax,rho0) 

  
%Function that calculates the attenuation in the Melting Layer for an 
%specific cell and plot it like an histogram for the different propagation 
%paths. 
%Sintaxis: [AttenuationML] = attenuationCalculatorML(Rmax,rho0); 

  
pas = calculateStep(Rmax,rho0); 
theta = 37.7*(pi/180); 

  
%Definition of the parameters for calculating the attenuation in the 
%Melting Layer at a frequency of 40 GHz 
kv = 0.492; 
av = 0.961; 

  

  
%Calculation of the Attenuation in the Melting Layer for that specific cell 
aux = size(Rain); 
nombreColumnes = aux(2); 

  
l = 1; 
for i=1:nombreColumnes 
    R = Rain{i}; 
    aux = size(Rain{i}); 
    nombreFiles = aux(2); 
    for k=1:nombreFiles 
        nombrePasos = aux(1); 
        Att = zeros(1,nombrePasos); 
        Attenuat(l) = 0; 
        for s=1:nombrePasos 
            Att(s) = kv*(R(s,k)^av); 
            Att(s) = Att(s)*pas; 
            Attenuat(l) = Attenuat(l) + Att(s); 
        end 
        l = l +1; 
    end 
end 

  
noZero = find(Attenuat > 0); 
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for i=1:length(noZero) 
    AttenuationML(i) = Attenuat(noZero(i)); 
end 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [XPD,XPI,CPA] = depolarizationML(Ah,Aha,Av,Ava) 

  
%Function that calculates the depolarization (XPD,XPI and CPA) through the 
%melting layer for a link of frequency 40 GHz. 

  
%Change the theta angle to radians 
theta = 37.7*(pi/180); 

  
%Calculate the height of the Melting Layer 
heightML = 4.58*exp(-0.0675*40)+0.51; 

  

     
    %Calculate the differential specific attenuations 
    diff_att = Ah-Av; 
    diff_att_av = Aha-Ava; 

  
    %Calculate landa_1-landa_2 
    diff_landa = (cos(theta))^2*((-

1/(20*log10(exp(1))))*(diff_att.*heightML+diff_att_av.*(heightML/sin(theta)))); 

  
    %Calculate the variable for the CPA 
    cnt = exp((-

1/(2*20*log10(exp(1))))*((Ah+Av).*heightML+(Aha+Ava).*(heightML/sin(theta))-

(diff_att.*heightML+diff_att_av.*(heightML/sin(theta))).*(cos(theta))^2)); 

  
    %Calculate XPD and XPI 
    XPD_path = -20*log10(abs((cos(theta)*sin(theta).*(exp(diff_landa)-

1))./(((cos(theta))^2).*exp(diff_landa)+(sin(theta))^2))); 
    XPI_path = XPD_path; 

  
    %Calculate CPA 
    CPA_path = -20*log10(abs(cnt))-

20*log10(abs((cos(theta))^2*exp(diff_landa)+(sin(theta))^2)); 

     
    XPD = XPD_path; 
    XPI = XPI_path; 
    CPA = CPA_path; 

  
end 

  
%-------------------------------------------------------------------------- 

  
function [step] = calculateStep(Rmax,rho0) 

  
%Calculate the step required for a correct sampling of the rainy 
%propagation path depending on Rmax and rho0(which define the sharpness of 
%the Rain Cell). 
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C = Rmax/rho0; 

  
if (C >= 350) 
    step = 0.004; 
elseif ((C < 350) && (C >=200)) 
    step = 0.01; 
elseif ((200 > C) && (C >=50)) 
    step = 0.02; 
elseif ((50 > C) && (C >= 10)) 
    step = 0.025; 
else  
    step = 0.03; 
end 

  
end 
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