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1 | INTRODUCTION
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The purpose of this paper is to show how the complementary probability distribution of rain

attenuation is drastically changed in the lower rain attenuation range by applying linear combining

techniques, namely, equal‐gain combining and the maximal‐ratio combining, discussed in the his-

torical paper by Brennan in 1959. These combing techniques can also be applied to the Automatic

Repeat Request techniques. Defined the instantaneous processing gain and the equivalent atten-

uation in the 3 cases, we show examples of time series of the various parameters, based on the

experimental rain attenuation time series recorded with the ITALSAT 18.7 GHz beacon, in a

37.8° slant path in Spino d'Adda (Italy). Then, we report long‐term complementary probability dis-

tribution functions of the instantaneous gain and equivalent attenuation, by simulating rain atten-

uation time series at 19.7 and 39.4 GHz, path elevation angle 35.5°, with the Synthetic Storm

Technique, using on‐site measured rain rate time series of 10 years, by simulating the ALPHASAT

link at Spino d'Adda. Similar results are also found at different frequencies and elevation angles in

Tampa (Advanced Communications Technology Satellite, ACTS result test), the Isle of Guam, and

Prague. The main conclusions are as follows: (1) As expected, the instantaneous time diversity

gain can be large when the delay time is large and rain attenuation is large; (2) scintillation affects

time diversity links as the direct links; (3) equal‐gain and maximal‐ratio combining can add up to

3 dB to the selection diversity gain when the time diversity gain is very small; and (4) equal‐gain

and maximal‐ratio combining reduce the fraction of time of rain attenuation in an average year to

a value less than the probability of exceeding 3 dB in the link without diversity.
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First proposed by Fukuchi,1 time diversity is a long‐studied fade countermeasure to rain attenuation, applicable to satellite communication 
services that can tolerate long time delay (minutes), such as television and audio broadcasting, data transfer from geostationary satellites.1-17 

Time diversity can be seen as an evolution of the less‐demanding Automatic Repeat Request (ARQ) techniques,18 because direct and delayed 
signals are continuously transmitted with a suitable time delay, while in the classic ARQ techniques, the signal is retransmitted in the same 

channel 2 or more times until it is correctly received. Time diversity needs a redundant channel, therefore it affects radiofrequency equip-
ment and transmitted power, computer central unit processing power and size of memories, both at the transmitter (satellite) and at the 
receiver (ground).

Time diversity can also be used in near‐Earth and deep space links for which, because of the large propagation delay, non–real‐time commu-

nication is the only possible mode of operation. In this case, the delayed transmission would be programmed in due advance when bad weather is
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forecast at the Earth ground station during the contact time, and the choice of time delay would depend on spacecraft distance and could be of the

order of magnitude of the 1‐way or 2‐way propagation delay, eg, of the order of 30 minutes for missions near Mars.19,20

Other troposphere fading, such as that due to water vapour, oxygen, and clouds, can be considered practically constant during the time scale of

a rain event; therefore, time diversity is not effective and cannot be proposed for this kind of fading. Scintillation may benefit from time diversity

even for small delay, but the gain obtainable is very small, unless very low elevation angles are considered (ie, long paths in the troposphere), and

electrically very small antennas are used.

The most effective application of time diversity is likely at Ka band and above, both because a wider bandwidth is available and rain attenuation

is larger than at lower frequency bands. Its efficacy is based on the experimental evidence that rain attenuation decorrelates after few minutes at

large fades, and after few tens of minutes at small fades, so that, by transmitting twice (or more times) the same signal with a suitable fixed time

delay of the order of several minutes, the receiver can select the best signal and reduce link outage. This description suits the analysis that

propagation experts conducted in the past1-17 and known, in the theory of diversity systems, as selection diversity. Only recently linear combining

techniques have been applied to time diversity system.21

The aim of this paper is to show how the complementary probability distribution function (CDF, also known as exceedance probability distri-

bution) of rain attenuation is drastically changed in the lower attenuation range if linear combining techniques are applied. The results are useful

and applicable to future satellite links. Technology issues, some of which are discussed in Uggalla,21 are beyond the purpose of this paper.

Besides selection diversity, we consider the other 2 types of processing that are possible with the direct signal s(t) (not delayed) and theT −min

delayed signal s(t − T), namely, the equal‐gain combining and the maximal‐ratio combining, discussed by Brennan in 1959.22 These combining tech-

niques can also be applied to the classic ARQ techniques.

After this introduction, Section 2 summarises the theoretical signal‐to‐noise ratio obtainable with the 3 types of processing; Section 3 defines

the processing gain and the equivalent attenuation obtainable in each case; and Section 4 shows time series of the various parameters defined in

Section 3, based on the experimental rain attenuation time series recorded in Spino d'Adda from the ITALSAT 18.7 GHz beacon, in a 37.8° slant

path. Section 5 reports long‐term statistical results of the parameters at 19.701 and 39.4 GHz, path elevation angle 35.5°, obtained with the

Synthetic StormTechnique (SST),23 using on‐site measured rain rate time series (averaged in 1‐min intervals, as are also the other rain rate data con-

sidered in the paper) for 10 years, simulating the ALPHASAT link in Spino d'Adda. Section 6, to show that linear combining techniques produce sim-

ilar results also in other sites, first tests the SST inTampa at 27.5 GHz and then reports time diversity results concerningTampa, the Isle of Guam, and

Prague, as examples. Section 7 reports conclusions and final remarks. Appendix A lists the mathematical symbols and their definition, Appendix B

discusses the impact of sky noise on time diversity links, and Appendix C discusses why scintillation affects time diversity links as the direct links.
2 | TIME DIVERSITY AND ARQ WITH COMBINING

The linear combining techniques discussed in this section can be applied both to time diversity that uses 2 (or more) parallel channels and to the

classic ARQ techniques in which retransmission in the unique channel would be requested only if the linear combining of s(t) with s(t − T) does not

guarantee the minimum tolerated probability of symbol error. In other words, the linear combining techniques are general so that, in the following,

we will not distinguish between the two in the results on rain attenuation. In the following, to fully appreciate the performance of the different

combining techniques, we present the rain attenuation CDFs obtainable with the different combining techniques.

Let A(t) > 0 and A(t + T) > 0 be the rain attenuation, in dB, at the same instants of s(t) ands(t − T), the baseband equivalent signals. Let us set the

time origin of the direct link at the beginning of the rain attenuation event, so that A(t) > 0 for t > 0. From the point of view of signal processing, we

can assume that s(t) and s(t − T) are transmitted in 2 (nonsimultaneous) parallel radio links, referred to as the diversity link. The corresponding

baseband noise sources n(t) and n(t + T) are modelled as additive and independent Gaussian variables, with one‐sided power spectral density No.

Before deciding which symbol was transmitted, the diversity receiver can process the 2 continuous baseband signals in 3 (classical) ways19:

1. Selection diversity

2. Equal‐gain diversity combining.

3. Maximal‐ratio diversity combining. Case 2 is a special case of case 3 when the 2 signals are equally weighted before combining.

In selection diversity, the receiver can compare the output power of the 2 channels and select the channel with maximum power, which implies,

for constant noise power (discussed in Appendix B), that it compares s(t) with s(t + T) and thus selects the largest signal. Therefore, the diversity link

is faded by the minimum rain attenuation Am(τ) = min {A(t), A(t + T)}, with τ = t + T.

The variable Am is attributed to the instant τ = t + T > 0 because the selection (or any combining and decision) can only be done, of course, after

T minutes. Therefore, τ is the time axis of the diversity link. Moreover, during the ith rain attenuation event of duration Di (min) (namely, a rain

attenuation time series), the last selection (or combining) can only be done at t =Di − T because, fort >Di − T, A(τ) = 0. Therefore, for each rain event,

the time diversity link measures a total rain attenuation timeT minutes shorter than of the direct link; hence, for selection diversity, the fraction of

time, in an average observation period such as a year, P0,m = P(Am > 0) < P0 = P(A > 0), where P(Am) and P(A) are, respectively, the CDFs referred to an

average year, in the diversity link and in the direct link.



The instantaneous time diversity gain, GT(τ) (dB), that the selection diversity can theoretically achieve is given by

GT τð Þ ¼ Amax τð Þ−Am τð Þ; (1)

where Amax =max[A(t), A(τ)] is the largest of the two.

The instantaneous signal‐to‐noise ratios of the direct link, ρ(t), and of the diversity link with selection diversity, ρS(τ), are given (matched filter

receivers) by

ρ tð Þ ¼ Es
No=2

¼ Pr
NoR=2

¼ Pr;cs×10
−A tð Þ=10

NoR=2
; (2a)

ρS τð Þ ¼ Es;m
No=2

¼ Pr;m
NoR=2

¼ Pr;cs×10
−Am τð Þ=10

NoR=2
: (2b)

In Equations 2a and 2b, R is the symbol rate, Es is the received energy per symbol of s(t), Pr is the carrier average power, Es,m is the energy per

symbol of max[s(t), s(τ)], Pr,m is the carrier average power, Pr,cs is the carrier average power in clear sky, and No is the one‐sided noise power spectral

density. Any coding gain can be, of course, included in Equations 2a and 2b, without changing time diversity results.

In equal‐gain diversity combining, after T minutes, the receiver adds the 2 total amplitudes (signal + noise) after phasing them, therefore adding

linearly the amplitudes of the 2 (theoretically synchronised) signals and the power of the 2 independent noise sources, doubling (see Appendix B)

the one‐sided power spectral density. Hence, the signal‐to‐noise ratio, ρE(τ), is given by

ρE τð Þ ¼
Pr;cs× 10−A tð Þ=20 þ 10−A τð Þ=20

n o 2

2Noð ÞR=2 ¼

ρE τð Þ ¼ 1
2

Pr;cs×10
−A tð Þ=10

NoR=2
þ Pr;cs×10

−A τð Þ=10

NoR=2

( )
þ Pr;cs×10

−
A tð Þ þ A τð Þf g=2

10

NoR=2
:

(3)

Expression 3 is the average of the 2 signal‐to‐noise ratios (Equation 2a) calculated at t and τ, added to the signal‐to‐noise ratio (Equation 2a)

due to the average rain attenuation.

In maximal‐ratio diversity combining, after T minutes, the receiver adds the 2 total amplitudes, as with equal‐gain diversity combining, but

weighting each with the square root of its own signal‐to‐noise ratio. Theoretically, this combining delivers the maximum signal‐to‐noise ratio, given

by the sum of the signal‐to‐noise ratios of the 2 parallel links22:

ρM τð Þ ¼ ρ tð Þ þ ρS τð Þ: (4)

Let us now compare the 3 linear diversity techniques and define the processing gain and the equivalent rain attenuation, both parameters use-

ful for link design.
3 | PROCESSING GAIN AND EQUIVALENT RAIN ATTENUATION

We can assess the efficacy of equal‐gain and maximal‐ratio combining by referring their gain to that of selection diversity. For this purpose, let us

define the processing gain as the ratio between Equations 3 and 2b, or Equations 4 and 2b.

For equal‐gain diversity combining, the processing gain gE(τ) is given by:

gE τð Þ ¼ ρE τð Þ
ρS τð Þ ¼

1
2

1þ 10−
GT τð Þ
20

� �2
0:5≤gE≤2: (5)
FIGURE 1 Equal‐gain combining gain GE (red line) and maximal‐ratio combining gain GM (green line) versus time diversity gain GT. The vertical
(magenta) line gives GTo, which sets the range GT <GTo in which it is convenient to use equal gain combining, see Equation 8 [Colour figure can
be viewed at wileyonlinelibrary.com]
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For maximal‐ratio diversity combining,

gM τð Þ ¼ ρM τð Þ
ρS τð Þ ¼ 1þ 10−

GT τð Þ
10 1≤gM≤2: (6)

If expressed in dB, GE = 10 × log10(gE) and GM = 10 × log10(gM) give the further gain that the particular combining can add to the time diversity

gain GT(τ), therefore providing the total instantaneous gain Gt(τ) (dB):
FIGURE 2 A, Example of rain attenuation time series with scintillation at 18.7 GHz, 38.8° slant path, T = 5 minutes. Left: Upper figure, A(t) (black),
Am(τ) (blue), AE(τ) (red), and AM(τ) (green); lower figure, GT(τ) (blue), GE(τ) (red), and GM(τ) (green). The horizontal (magenta) line gives GTo, which sets
the range GT <GTo in which it is convenient to use equal‐gain combining, see Equation 8. Right: Detail to show that scintillation amplitude is
insensitive to combining. Local time. B, Rain attenuation time series without scintillation (filtered with a fifth‐order Butterworth filter with cutoff
frequency 0.025 Hz). Left: T = 10 minutes. Upper figure, A(t) (black), Am(τ) (blue), AE(τ) (red), and AM(τ) (green); lower figure, GT(τ) (blue), GE(τ) (red),
and GM(τ) (green). The horizontal (magenta) line gives GTo, which sets the range GT <GTo in which it is convenient to use equal‐gain combining, see
Equation 8. Right: Same, but for T = 20 minutes. Local time. C, Rain attenuation time series with scintillation. T = 30 minutes. Upper figure, A(t)
(black), Am(τ) (blue), AE(τ) (red), and AM(τ) (green); lower figure, GT(τ) (blue), GE(τ) (red), and GM(τ) (green). The horizontal (magenta) line gives GTo,
which sets the range GT <GTo in which it is convenient to use equal‐gain combining, see Equation 8. Right: Detail to show that scintillation
amplitude is insensitive to combining. Local time [Colour figure can be viewed at wileyonlinelibrary.com]
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GtE τð Þ ¼ GT τð Þ þ GE τð Þ; (7a)

GtM τð Þ ¼ GT τð Þ þ GM τð Þ: (7b)

From Equation 5, GE can be either positive or negative; from Equation 6, GM is only positive, therefore GtM ≥GT whereas GtE >GT or GtE <GT.

Figure 1 shows GE and GM versus GT. We can notice that GE ≥ 0 dB in the range

GT≤GTo ¼ −20log10
ffiffiffi
2

p
−1

� �
≈7:7 dB: (8)

Therefore, it is convenient to use equal‐gain combining only if GT <GTo.

As Figure 1 shows, GE and GM are maximum and equal to the built‐in power margin Gb = 10 × log10n = 3 dB (n = 2 is the number of parallel links

combined, see Matricciani 24 for its application to site diversity) found any time GT = 0 dB, therefore when A(t) =A(t + T). Moreover, if GT!∞, then

GE! − 3 dB (a loss, not a gain), and GM! 0 dB, because the maximal‐ratio combining gives always a positive gain.

Because GT ≈ 0 is more probable to occur when rain attenuation is small, we get an almost “free” gain to add to GT when it is most needed,

namely, when time diversity is ineffective. This can happen for long intervals and a large total amount of time, because a small attenuation is more

probable than a large one. When GT ≈ 0, however, the gain due to equal‐gain combining is practically the same as that due to maximal‐ratio com-

bining, so that it might be preferable to use the simpler equal‐gain combining.

The built‐in power margin (also known as the array power gain), Gb, is independent of frequency, therefore, in general, combining is more effec-

tive at lower frequency bands than at higher ones, because, everything else being equal (slant path, probability, etc), at lower carrier frequencies,

rain attenuation is lower and hence Gb has more impact on system design than at higher frequencies.

Let us know define the equivalent rain attenuation of the diversity link, that is, the attenuation that has to be considered in the link budget.

In selection diversity, the equivalent rain attenuation Am(τ) (dB) from Equation 1 is given by

Am τð Þ ¼ Amax τð Þ−GT τð Þ: (9a)
FIGURE 3 A,Upper figure: An example of partial rain attenuation time series at 18.7GHzmeasured during the ITALSAT campaign at Spino d'Adda, in
a 37.8° slant path (black line). Most of the event is ,missing but it can be reconstructed (magenta line) very likely with the Synthetic StormTechnique
(SST) using, as input, the concurrent rain rate time series measured at the station. Middle figure: A(t) (black), Am(τ) (blue), AE(τ) (red), and AM(τ) (green)
simulatedwith the SST, for T = 20minutes, in the same link at 18.7GHz. Lower figure:GT(τ) (blue),GE(τ) (red), andGM(τ) (green) simulatedwith the SST.
The horizontal (magenta) line gives GTo, which sets the range GT <GTo in which it is convenient to use equal‐gain combining, see Equation 8. B, Rain
rate time series of the event occurred in Spino d'Adda on June 19, 1997 [Colour figure can be viewed at wileyonlinelibrary.com]
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In equal‐gain and maximal‐ratio combining, the equivalent rain attenuation, AE(τ) and AM(τ) (dB), respectively, is defined with reference

to Am(τ), as

AE τð Þ ¼ Am τð Þ−GE τð Þ; (9b)

AM τð Þ ¼ Am τð Þ−GM τð Þ: (9c)

Because GE(τ) can be negative, we can find AE(τ) > Am(τ), occurrence to be avoided.

Next section shows some examples of rain attenuation time series of A(t), Am(τ), AE(τ), AM(τ), GT(τ), GE(τ), and GM(τ), based on the experimental

rain attenuation time series recorded from the ITALSAT (13.2° E) 18.7 GHz beacon, in a 37.8° slant path in Spino d'Adda (45.4°N, 9.5°E, 180 m)

sampling time 1 second, with different values of time delay T, although the conclusions are general.
4 | EXAMPLES OF ITALSAT TIME SERIES AT 18.7 GHz

Figure 2 shows examples of A(t), Am(τ), AE(τ), AM(τ), GT(τ), GE(τ), and GM(τ), concerning a rain attenuation event with large attenuation, with

scintillation and without scintillation (the latter filtered out with a fifth‐order Butterworth filter, cutoff frequency 0.025 Hz, see Matricciani

and Riva25). We can see the intervals when combining is effective, mainly when the attenuation is small, and when it is less effective, when

the attenuation is large.

The right side of Figure 2A (T = 5 min) shows a detail where we can notice that the scintillation in AE(τ) and in AM(τ) is not larger than that

found in Am(τ). This behaviour is discussed in Appendix C and leads to the conclusion that combining does not increase the scintillation of the

diversity link, compared to that of the direct link. Now, time diversity is not affected by scintillation because the gain due to scintillation is very

small and can be neglected for system design. Therefore, we can use filtered rain attenuation time series, or times series simulated with the
FIGURE 4 A, Complementary probability distribution functions, in an average year (%), of the instantaneous gain GT (dB) for time delayT = 1 , 5 ,
10 , 20 minutes (blue) and T = 30 minutes (red). Saturation occurs at T ~ 20 , 30 minutes. Synthetic StormTechnique. B, Complementary probability
distribution function, in an average year (%), of the instantaneous gain GT (blue) and the probability distribution functions of GE (red) and GM (green)
for T = 30 minutes. For GE and GM, the functions give the probability that the variable is less than that reported in the abscissa. Synthetic Storm
Technique [Colour figure can be viewed at wileyonlinelibrary.com]
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SST without adding scintillation, for studying the performance of time diversity and combining. Figure 2B shows the filtered time series for

T = 10 , 20 minutes.

In Figure 2C, T = 30 minutes, we can also observe time diversity in action. In this event, the 4‐dB threshold, for instance, is exceed con-

tinuously for about 30 minutes (fade duration) in the direct link, ie, in A(t), and accordingly, AM(τ) and AE(τ) never exceed 4 dB because

T = 30 minutes. In other words, considered a threshold S =A (dB), its maximum fade duration sets the delay time T to be used for never

exceeding the threshold S. In system design, there must be, of course, a trade‐off between the time delay introduced in the link and the

maximum fade tolerated, on the average, in the service area, in case of many ground stations. In general, the longer is T, the lower are S

and the link power margin needed, but the more demanding are hardware (memories) and software (signal processing) to be implemented.

These issues are not considered here.

The ITALSAT rain attenuation times series are very useful for studying time‐varying aspects of the fade (not only rain attenuation). However,

for rain attenuation, they are not a complete set in the 7 years of observation, as we observed,26 because some events were totally or partially

missed because of receiver malfunctioning. An example is shown in Figure 3A, which reports also the time series predicted with the SST,22 by using

the concurrent rain rate time series measured at the station and shown in Figure 3B, and the time diversity performance for T = 20 minutes. The

simulated time series seems to describe very likely what was missed. In general, as we have shown in Matricciani,27 a beacon‐measured time series

and the corresponding SST time series are very similar when the storm moves parallel to the projection to ground of the slant path. In all other

cases, the direction and speed of the rain introduce delays and “deformation” in the simulated time series,27 which, however, remain physically

likely for the site and can be used for long‐term results.

Notice that Capsoni et al assume synthetic rain rate cells of deterministic shape with rain rate established by assigning random parameters to

the cell (peak, extension, etc) and make them move horizontally.12 Then, in a slant path, they calculate the attenuation as line integral of the specific

attenuation based on the intercepted cells. The random parameters of the rain rate cells are chosen so that the local long‐term complementary

probability distribution of rain rate is maintained. The synthetic rain attenuation time series so generated very unlikely can resemble the one

recorded with raingauge.

Because of this incompleteness, the next section presents long‐term results obtained by using 10 years of rain rate time series (concurrent with

the ITALSAT beacon data in the 7 years of this campaign) recorded at Spino d'Adda and used as input to the SST.
FIGURE 5 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), for
T = 10 minutes. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the probability that the rain attenuation
equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. B, Detail of Figure 5A [Colour figure can be
viewed at wileyonlinelibrary.com]
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5 | LONG‐TERM COMPLEMENTARY PROBABILITY DISTRIBUTIONS ACCORDING TO THE SST

For obtaining long‐term statistics of time diversity performance, namely, the results concerning A, Am, AE, AM, GT, GE, and GM, I use what is practi-

cally a complete data bank of rain rate time series (10 years), recorded at the station of Spino d'Adda, used as input to the SST, with the following

input parameters: rain speed 10.6 m/s measured locally, layer A (rain) height given by the current ITU‐R 0°C height,28 and layer B (melting layer)

height 400 m.23,29 The simulations are at 19.7 and 39.4 GHz in a 35.5° slant path because now they explicitly refer to the radio link to ALPHASAT,

and they are likely to predict results very similar to the measurements, now under way in Spino d'Adda.

Figure 4A shows the probability density function of the instantaneous gain GT, for T = 1 , 5 , 10 , 20 , 30 minutes. These delays can be rea-

sonable for system application, but the practical value (even larger than those indicated) will depend on many compromises between the final user's

necessities in the service area, or deep space probe distance, and the technology available, as mentioned in Section 4. Gain saturation occurs at

T ~ 20 , 30 minutes. After the discussion in Section 2, the fraction of attenuation time, and also of GT, is given by P0,m < P0. Recall that these results

are always based on being both A(t) > 0 and A(t + T) > 0 so that the diversity link rain attenuation for each rain event lasts T minutes less than the

direct link. Figure 4B compares the results on GT, GE, and GM for T = 30 minutes. For GE and GM, the curves give the probability that the variable is

less than that reported in the abscissa.

Figure 5A shows the complementary probability distributions functions of A, Am, AE, and AM for T = 10 minutes. Now, if we consider the real

loss, namely, the positive range shown in Figure 5A, we find the following inequalities, which are important for system design:

P0;E ¼ P AE>0ð Þ ¼ P0;M ¼ P AM>0ð Þ<<P Am>0ð Þ<P A>0ð Þ: (10a)

Of course,

P AE>−3ð Þ ¼ P AM>−3ð Þ ¼ P Am>0ð Þ<P A>0ð Þ: (10b)

Figure 5B shows the details in the lower positive range to appreciate the reduction of the equivalent attenuation due to combining. The

inequalities 10a, 10b, and 10c are more verified as the time delay T increases.
FIGURE 6 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE(red), and AM (green), for
T = 20 min. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the probability that the rain attenuation equal
to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. B, Detail of Figure 6A [Colour figure can be viewed
at wileyonlinelibrary.com]
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In Spino d'Adda in a year, on the average, we count 1412/10 = 141.2 rain events (see Matricciani23 for the definition of a rain event); therefore

the fraction of rain attenuation, for T = 30 minutes, changes from 470.89 hours (P0 = 5.38%) to 470.89 − 141.2 × 0.5 = 400.29 hours, therefore the

reduction is 400.29/470.89 = 0.85 and P0,m = 0.85 × 5.376 = 4.57%.

Similar results are shown in Figures 6 and 7 for T = 20 and T = 30 minutes, respectively, from which we can appreciate the sensitivity to changes

in time delay. Figure 7C, in particular, shows the negative range to better distinguish between AE and AM.

The statistical gain usually reported in the literature, namely, the gain that can be calculated in Figures 5–7 by considering the difference

between the rain attenuation exceeded in the direct link and that exceeded in the diversity link at the same probability, may be less precise for link

design than the instantaneous gain calculated from its probability density function reported in Figure 4.

Equal‐gain and maximal‐ratio combining reduce the equivalent attenuation at most by 3 dB (the built‐in gain), mainly when GT is small. But

more important, they also largely reduce the fraction of rain attenuation time in an average year (or any other reference period). In fact, the triangle

shown in Figures 5–7 for AE =AM = 0 gives P(A ≥ 3), that is, the probability that the rain attenuation equal to the built‐in power gain is exceeded in

the direct link. This probability is the upper value to the fraction of rain attenuation of the diversity link with equal‐gain or maximal‐ratio combing,
FIGURE 7 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE(red), and AM (green), for
T = 30 minutes. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the probability that the rain attenuation
equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. B, Detail of Figure 7A. C, Detail of Figure 7A
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), and AE (red), for T1 = 15 and
T = 30 minutes. The triangle gives P(A ≥ 4.8), that is, the probability that the rain attenuation equal to the built‐in power gain is exceeded in the
direct link (black line). Synthetic StormTechnique [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), at 39.4 GHz, for
T = 10 min. In the range −3 , 0 dB, AEand AM are very similar. The triangle gives P(A ≥ 3), that is, the probability that the rain attenuation equal to the
built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), at 39.4 GHz,
for T = 30 minutes. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the probability that the rain attenuation
equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic Storm Technique [Colour figure can be viewed at
wileyonlinelibrary.com]
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because, besides subtracting 3 dB from Am, for each rain attenuation time series, as noticed, the diversity link time series lasts T minutes less than

that of the direct link. In other words,

P0;E ¼ P0;M<P A>10×log10nð Þ: (10c)

Again, this inequality is more verified as T increases.

In triple time diversity, selection does not reduce GT significantly, compared to the value obtainable by considering only the longer of the 2

delays. However, time diversity and combining do reduce P0,E and P0,M, according to Equation 10c, as Figure 8 shows, for the 2 delays T1 = 15
TABLE 1 Parameters of the sites considered in the simulation of rain attenuation with the Synthetic StormTechnique (SST)

Site
Latitude,

°N
Longitude,

°E
Altitude,

m

ITU‐R 0°C
Height at the
Latitude, km

SST
Rain + Melting
Layer Height,

km

Mean Horizontal
Wind (Rain)
Speed, m/s

Elevation
Angle, °

Frequency,
GHz

Observation Period
and Size of Rain
Rate Database, y

Spino d'Adda
(Italy)

45.40 9.5 84 2.981 3.297 10.6 35.5a 19.7‐39.4 1993‐2002
10

Tampa (Florida) 27.60 277.7 15 4.182 4.567 8.3 52b 27.5 1995‐1998
4

Isle of Guam 13.6 144.9 139 4.826 5.087 9.5 38c 20.7 2010‐1012
1.8

Prague (Czech
Republic)

50.1 14.5 254 2.689 2.835 10.6 31.7a 19.7 1999‐2003>
4.2

aALPHASAT.
bACTS.
cTDRS (Tracking and Data Relay Satellite).

FIGURE 11 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), at
27.5 GHz, for T = 30 minutes, Tampa, 52° slant path. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the
probability that the rain attenuation equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. The curve
labelled ACTSTot is the experimental CDF of total attenuation. The curve labelled ACTSR is the estimated experimental CDF of rain attenuation. B,
Detail of Figure 11A [Colour figure can be viewed at wileyonlinelibrary.com]
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and T2 = 30 minutes. Now, the built‐in power margin is 10 × log103 = 4.8 dB and, accordingly, combining gives P0,E = P0,M < P(A > 4.8) << P(Am)

< P(A).

If the frequency is increased, eg, to the other ALPHASAT Aldo propagation experiment frequency, namely, 39.4 GHz, the general features of

the results do not change. However, now, the combining is less useful because, as anticipated, the built‐in power margin Gb does not depend on

frequency, as Figures 9 and 10 show.
6 | TIME DIVERSITY RESULTS IN TAMPA, THE ISLE OF GUAM, AND PRAGUE ACCORDING TO
THE SST

The results reported above have shown general features that can also be found in other localities with different climate, such asTampa, the Isle of

Guam, and Prague (see Table 1 for geographical data and rain rate database).

Figure 11 shows the results for Tampa at 27.5 GHz, 52° elevation angle, relative to the ACTS link, both the ACTS experimental CDF27 and the

SST predictions. Notice that the rain rate database used as input to the SST refers to 4 years, while the ACTS results refer to 5 years.30 The original

experimental CDF of the ACTS measurements is relative to the total attenuation (labelled ACTST), see Rogers and Crane.30 The CDF of rain atten-

uation only (ACTSR) is obtained from the former as follows. Because the fading due to the other tropospheric constituents, other than rain, is mul-

tiplicative in linear units and thus additive in dB, the attenuation (in dB) not due to rain is subtracted from the total attenuation CDF at equal

probability. Its value can found as follows. Because P(R > 0) = 2.22% and P(A > 0) = 2.52% (notice that P(A > 0) > P(R > 0) always, see equation 18

of Matricciani23), the value to be subtracted is found at about 2.5%, approximately 2.7 dB, from the ACTST curve. This value is practically constant

for lower probabilities (see fig. 4 of Acosta et al31). The change in the phenomenon causing fading can be noticed very clearly in the change of the

slope of the total attenuation CDF at about 2.5 ~ 3 dB. The result of this shift to the left is the curve labelled ACTSR, which agrees very well with

the SST CDF, confirming, once again, the high reliability of this technique. As for the time diversity results, they are similar, in the general aspects, to

those found for Spino d'Adda.

Figure 12 shows the results for Guam, 20.7 GHz, 38° slant path (see Acosta et al31 for details on the experimental data e SST test). Figure 13

shows the results for Prague in the slant path to ALPHASAT, at 19.7 GHz, 31.7°.
FIGURE 12 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), at
20.7 GHz, for T = 30 minutes, Guam, 38° slant path. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the
probability that the rain attenuation equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. B, Detail
of Figure 12A [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 A, Complementary probability distribution functions, in an average year (%), of A (black), Am (blue), AE (red), and AM (green), at
19.7 GHz, for T = 30 min, Prague, 31.7° slant path. In the range −3 , 0 dB, AE and AM are very similar. The triangle gives P(A ≥ 3), that is, the
probability that the rain attenuation equal to the built‐in power gain is exceeded in the direct link (black line). Synthetic StormTechnique. B, Detail
of Figure 13A [Colour figure can be viewed at wileyonlinelibrary.com]
In conclusion, we can see that the particular locality and its weather determine the diversity gain and the range in which the combining tech-

niques can provide a sizable additive gain, not the general features.
7 | REMARKS AND CONCLUSIONS

Besides selection diversity, in this paper, the other 2 linear diversity techniques have also been studied, namely, the equal‐gain combining and the

maximal‐ratio combining. The combining techniques can be applied both to time diversity, which uses 2 parallel channels, and to the classical

ARQ techniques. Defined the instantaneous processing gain, and the equivalent attenuation in the 3 cases, we have shown examples of time series

of the various parameters, based on the experimental rain attenuation time series recorded with the ITALSAT 18.7 GHz beacon, in a 37.8° slant

path, at Spino d'Adda (Italy). Then, we have reported long term CDFs of the instantaneous gain and equivalent attenuation, by simulating rain atten-

uation time series at 19.7 and 39.4 GHz, path elevation angle 35.5°, with the SST, using on‐site measured rain rate time series at Spino d'Adda for

10 years, in a slant path with ALPHASAT elevation angle.

The following time delays T = 1 , 5 , 10 , 20 , 30 , 60 minutes have been studied. These delays can be reasonable for system application,

but the actual value will depend on many compromises between the final user's necessities in the service area, or near‐Earth and deep space

communication distances, and the technology available. In system design, for example, there must be a trade‐off between the time delay

introduced in the link and the maximum fade tolerated, on the average, in the service area, in case of many ground stations. In general, the

longer is the delay tolerated, the lower are the threshold and the link power margin needed, but the more demanding are hardware (memories)

and software (signal processing) to be implemented, issues not studied. Results concerning Tampa, Guam, and Prague, as examples, show

similar features.

In some occasions, it may be useful to give up time diversity and use the 2 parallel links directly by phasing the 2 radio frequency carriers at

the transmitter. In this case, the equivalent transmitted power would increase by 6 dB, while the receiver noise would be only that of the direct

(ie, single) channel. The only CDF to be considered now is P(A) and the new PΣ(A) is obtained from the previous figures by shifting the black

curves to the left by 6 dB, because this method can compensate fades up to 6 dB without any delay and diversity processing at the receiver,

therefore PΣ(A > 0) = P(A > 6). This method could be used, of course, both in clear sky conditions and in rainy conditions.
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The additional gain that combining can give may seem small (less than 3 dB) and expensive (more memory and processing), but we can appre-

ciate its added value if we consider, for example, the large processing and hardware complexity that forward error‐correcting codes require today

to just gain few tenths of decibel, because they work close to Shannon limit.

The main conclusions we can draw from the results shown above are the following:

1. As expected, the instantaneous time diversity gain can be large when the delay time is long and rain attenuation is large.

2. Scintillation affects time diversity links as the direct links.

3. Defined the maximum fade duration DS (min) at threshold S (dB), if the rain attenuation tolerated in the link budget must not exceed the link

power margin S (dB) (ie, the fade margin), the time delayT must satisfy the inequality DS < T, therefore the minimum time delay is a function of

the local fade duration maxima and power margin available. In a service area where sites experience different rain statistics, an area average

should be considered, besides the technology issues mentioned (memories, processing, and service type).

4. Equal‐gain and maximal‐ratio combining can add up to 3 dB (4.8 dB for triple diversity) to the selection diversity gain (the simplest and more

robust processing because it does not need to phase signals at the receiver), thus reducing the equivalent rain attenuation, just when the time

diversity gain is negligible.

5. Equal‐gain combining and maximal‐ratio combining significantly reduce the fraction of time of rain attenuation in an average year to a value

less than the probability of exceeding 3 dB (4.8 dB for triple diversity) in the direct link.
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APPENDIX A

LIST OF MATHEMATICAL SYMBOLS AND THEIR DEFINITION
APPENDIX A. LIST OF MATHEMATICAL SYMBOLS AND THEIR DEFINITION
Symbol
 Definition
A
 Direct link attenuation (dB)
AE
 Equal‐gain equivalent attenuation (dB)
AM
 Maximal‐ratio equivalent attenuation (dB)
Am
 Minimum attenuation, diversity link (dB)
Amax
 Maximum attenuation, diversity link (dB)
Di
 Duration of a rain attenuation event (min)
DS
 Maximum fade duration (min) at threshold S
Es
 Received energy per symbol of signal s
Es , m
 Received energy per symbol of maximum signal
GT
 Instantaneous time diversity gain (dB)
Gb
 Built‐in power margin (dB)
gE
 Equal‐gain combining processing gain (linear)
GE
 Equal‐gain combining processing gain (dB)
gM
 Maximal‐ratio combining processing gain (linear)
GM
 Maximal‐ratio combining processing gain (dB)
GtE
 Total instantaneous gain with equal‐gain combining (dB)
GtM
 Total instantaneous gain with maximal‐ratio combining (dB)
GTo
 Range of GT for using equal‐gain combining (dB)
n
 Noise (linear)
No.
 One‐sided power spectral density
P0
 Fraction of time of A in average year (%)
P0,m
 Fraction of time of Am in average year (%)
P0,E
 Fraction of time of AE in average year (%)
P0,M
 Fraction of time of AM in average year (%)
Pr
 Carrier average power
Pr,cs
 Carrier average power in clear sky
R
 Symbol (or bit) rate (baud)
S
 Attenuation threshold (dB)
s
 Signal amplitude (linear)
T
 Time delay (min)
Tds
 Space background noise (K)
TE
 Sky noise temperature (K) with combining
Tm
 Rain (passive medium) average physical temperature (K)
Trec
 Receiver noise temperature (K)
Ts
 System noise temperature (K)
Tsky
 Antenna noise temperature (K)
t
 Time axis of the direct link
τ
 Time axis of the diversity link
ρ
 Signal‐to‐noise ratio of the direct link (no diversity)
ρE(τ)
 Signal‐to‐noise ratio in equal‐gain combining
ρM(τ)
 Signal‐to‐noise ratio in maximal‐ratio combining
ρS
 Signal‐to‐noise ratio with selection diversity



APPENDIX B

NOISE

The system (ie, total) noise is given by Ts = Tsky + Trec (K) whereTrec (K) is the receiver noise temperature and Tsky (K) is the antenna noise temperature.

We are only interested in Tsky because only this parameter is a function of rain attenuation. According to communication theory the probability of

symbol, error does not dependon the instantaneous noise amplitude at the sampling time (see Equations 2a and2b), but only on the noise power spec-

tral density, therefore on the equivalent noise temperature. Therefore, in this appendix, we examine the impact of this parameter on the diversity link.

Because the rate of change of the baseband signal is much higher than that of rain attenuation or any other tropospheric fade, we can consider

these equivalent noise temperatures as the instantaneous values for an interval long compared to data rate (eg, 1‐s rain attenuation sampling time),

without modifying in any significant way the analysis and conclusions.

Tsky is mainly caused by absorption, not by scattering phenomena. Raindrops, however, absorb and scatter electromagnetic waves, therefore rain

attenuation is caused by both absorption and scattering. To be conservative, however, let us assume that Tsky is caused by the total rain attenuation A

(dB), so that, by modelling rain attenuation as caused by an ideal passive medium with average physical temperatureTm(K) , Tsky is given by

Tsky ¼ 10A=10−1

10A=10
Tm þ 1

10A=10
Tds; (B1)

whereTds (K) is the space background noise. Equation B1 is theTsky standard model, withTm ≈ 275 K usually assumed in communication link budgets,

and it includes the possible noise increase due to water vapour, masked byTm. Now, for the usual low values of Tds (approximately 3 K or fewKelvins)

we can neglect the second term in Equation B1 and write

Tsky≈
10A=10−1

10A=10
Tm<Tm: (B2)

In conclusion, Tsky, Ts, and N0 are function of A(t) and thus of time, so that in time diversity, we should consider N0(t) and N0(t + T) =N0(τ). How-

ever, when A(t) ≈A(t + T) =A(τ), GT(τ) ≈ 0 dB, the processing gain GE(τ) =GM(τ) ≈ 3 dB (Section 3) and the noise power is constant, while when A(t) and

A(τ) are significantly different, GE(τ) =GM(τ) ≈ 0 so that both equal‐gain and maximal‐ratio combining are not effective, and we use the direct link,

not the diversity link. Therefore, the noise is that of the direct link. In between these 2 extremes, some dependency of noise on rain attenuation

will remain, but this dependency does not impact on the results in the range of attenuation in which selection, equal‐gain or maximal‐ratio com-

bining should be used.

This is clearly shown, for example, in Figure B1, T = 10 minutes, which reports the 2 direct link sky noise temperatures, given by Equation B2,

applicable to selection diversity, and the total sky noise temperature TE, namely, the sum of the 2 parallel link noise temperatures, applicable in

equal‐gain and maximal‐ratio combining. It is evident, eg, in the interval between 6.0 and 6.4 hours, that when GE(τ) ≈ 3 dB, and thus combining

is most effective, the total sky noise temperature is practically constant, well less than 2Tm, in the example TE ≈ 350 ~ 400 K.
FIGURE B1 Example of rain attenuation and
sky noise temperature time series with
scintillation at 18.7 GHz, 38.8° slant path.
T = 10 minutes. Upper figure: A(t) (black) and
GE(τ) (red). Middle figure: single‐link sky noise
temperature. The horizontal (magenta) line
gives TSky = Tm. Lower figure: sky noise
temperature of the 2 parallel links (black and
blue curves) and diversity link with combining
TE. The horizontal (magenta) line gives
TSky = 2Tm. Local time [Colour figure can be
viewed at wileyonlinelibrary.com]
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APPENDIX C

SCINTILLATION AND COMBINING

In equal‐gain combining, the equivalent rain attenuation is given by Equation 9b:

AE ¼ Am−GE ¼ Am−10×log10
1
2

1þ 10−
GT
20

� �2
� �

: (C1)

By applying natural logarithms and considering that log(1 + x) ≤ x, we can write Equation C1 as

AE ¼ Am þ 3−
20

log10
× log 1þ 10−

GT
20

� �
≤Am þ 3−8:68×10−

GT
20 : (C2)

Now, since on the average

GT ¼ Amax−Am ¼ Amax;r−Am;r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
max þ σ2

m

q
¼ GT;r þ σcomb; (C3)

where the subscript r explicitly indicates the values given only by rain (ie, filtered time series of fade), not scintillation, σmax (dB) is the standard

deviation of scintillation superposed to Amax , r, σm (dB) is the standard deviation of the scintillation superposed to Am , r (both uncorrelated), and

σcomb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
max þ σ2

m

p
is the standard deviation of the total scintillation (all measured in the same interval as rain attenuation, eg, 1 s in this case)

found with combining, we can write Equation C2 as

AE≤Am;r þ σþ 3−8:68× 10−
GT;r
20 ×10−

σcomb
20

� �
; (C4)

where σ (dB) is the standard deviation of scintillation in the direct link. Standard deviation is a useful reference value for scintillation, although the

results are general.

Expression C4 shows that the scintillation σcomb does not affect σ but only the factor10−
GT;r
20 , which reduces the diversity gain. Even a very large

σcomb = 1 dB multiplies this factor only by0.89. A similar result holds also for maximal‐ratio combining. In practice, any combining does not increase

the scintillation of the direct link. The obvious reason for this result (found experimentally in the ITALSAT time series) is, of course, due to the fact

that linear combining adds amplitudes, it does not multiply them: In other words, it does not add decibels. Notice that Equation C4 does not depend

on elevation angle, therefore is applicable also when the scintillation of the direct link (namely, σ) is large, as in low elevation angle paths and elec-

trically small antennas.




