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Abstract

This paper examines the potential of using site diversity to mitigate fade associated with V/W band
satellite communications. Site diversity based on a log-normal distribution for rain attenuation is
applied. Limitations due to cloud attenuation are considered. The site diversity methodology is
extended to include cloud attenuation.

1. Introduction

The V/W satellite communication bands of 81-86 GHz uplink and 71-76 GHz down link are attractive
due to the available spectrum and high data rate potential. On the other hand, atmospheric
attenuation will limit the availability. We envision that a future V/W system design will employ the use
of high gain antennas and central ground stations. Still, link margins will be quite limited and fade
mitigation techniques will be needed. As part of our concept study, we examine the use of site
diversity to improve availability, which is our metric of interest.

A V/W band system operating at full or near full bandwidth will likely be limited to rain rates of less
than only a few mm/hr due to the high specific attenuation at these frequencies. Thus we need a site
diversity methodology that is appropriate for stratiform type rains. Empirical based site diversity
models based on measurements associated with convective type rain are not applicable to V/W
considerations. Instead we use a statistical based model approach to calculate the joint probability of
attenuation.[1,2] Although rain is the dominant source of attenuation, cloud attenuation at V/W
frequencies can also be significant and could potentially limit the usefulness of site diversity. We
extend the rain site diversity analysis to include clouds. We consider two cases of cloud attenuation;
cloud attenuation fully correlated with rain, and cloud attenuation independent of rain.

We consider in this paper two ground sites within a single beam. Since the spatial correlation of rain
rate may extend to 1000 km[1], the use of a narrow beam means that the attenuations at the two sites
are likely not statistically independent. Therefore we also consider the antenna gain pattern and the
decrease in link margin with increase in site separation. This is of course a function of the satellite
location and the orientation of the ground sites. In our analysis we assume a 1 m diameter antenna
for the space segment pointed at midpoint between the ground stations, with a separation orientation
that is perpendicular to the earth-space path. Our objective is not to produce specific predictions, but
rather to examine the issues and applicability of site diversity to V/W band. We consider here the
problem of site diversity for Rome NY, which is in a Crane D2 rain climate zone (old ITU K). We use a
frequency of 80 GHz as a surrogate for the V/W bands in our analysis. The single site attenuation
predictions for an elevation angle of 30° are shown in Figure 1. The single site rain attenuation
predictions are based on a modified version of Crane’s two-component model[3] in which the rain rate
statistics are modeled as an exponential component (volume cells) and a log-normal component
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(debris). The parameters for the exponential and log-normal rain rate distributions are taken from
Crane [4]. Crane’s model assumes different rain heights for convective (cell) and stratiform (debris)
rain, but does not account for the melting layer attenuation. We add a melting layer by increasing the
debris rain height by the effective height Hgg(f) given by Capsoni et. al. [5] We differ with Crane in the
algorithm used to calculate the rain attenuation. The attenuation due to the volume cells is calculated
using a uniform cell model in a manner similar to that used by Misme and Waldteufel[6]. For the
debris component we adopt the statistical approach of Lin [7]. For the V/W band calculations the log-
normal component dominates at the attenuation levels of interest, and the output of the model turns
out to be the input to the site diversity model. The attenuation due to clouds, gases, and scintillation
are calculated according to the ITU recommendations.[2] The attenuations are combined on an
equiprobability basis:

Ar(p) = Ar(p) + Ac(p) + 4c(p) + As(p) . (1)

While this likely overestimates the total attenuation exceedance it allows consistency when separating
out the attenuation effects.

Attenuation (dB)

Exceedance (%)

Figure 1. Attenuation predictions for Rome, NY.

2. Rain site-diversity

We begin with a site diversity model based on that derived by Paraboni and Barbaliscia[1] and
recommended by the ITU[2]. This method assumes a conditioned log-normal distribution for rain
attenuation, given by

P(A > a) = PAQ (24) (2)

g4

Where Q is the complementary cumulative normal distribution, P is the probability of attenuation on
the earth-space path, m, and o4 are the log-normal statistical parameters. In this method, the joint
probability (%) that the attenuation on path 7 is greater than a; and the attenuation on path 2 is
greater than a,is given by

P(A1 > a1,A; > a;) = 100x (P x Py), ©)

where
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are the bivariate normal distributions. The lower limits of integration are determined by the log-normal
statistical parameters. Paraboni and Barbaliscia[1] relate P, to the probability that it is raining at both
sites, and the thresholds Ry are given by

R =07 (%) ©)

100

rain

where P,“" is the point probability of rain (%) and Q" is the inverse complementary cumulative
normal distribution. We suggest that the appropriate threshold parameter in equation (6) should be
P2, which is the probability of attenuation due to rain determined by the rain attenuation prediction
model and may be different than P/" as it is in our rain attenuation model. In this way equation (3)
reduces to equation (2) in the limit of zero separation, as it must. The lower integration limit in
equation (5) is given by the normalized log attenuation

lnak—mAk

I = ——. (7)

G’Ak

We still need the spatial correlation functions p, and p,. These are most likely geographic dependent.
In the absence of locally determined values we use the model for p. proposed by Paraboni and
Baraliscia[1] based on measurements made in Italy.

2

pr(d) = 0.7e_(:_0) + 0.36_(%) , (8)

where d is the site separation. As discussed below, we take the rain rate correlation as the best
estimate of the rain attenuation correlation.

From Figure 1 it is seen that the non-rain contributions (Ayg) to the attenuation are significant at all
probability levels of interest. In order to benefit from rain site diversity a significant link margin is
necessary to overcome the non-rain effects. Since the rain attenuation increases at a greater rate
with decreasing probability than the other attenuation effects and is the dominant source of
attenuation at lower probabilities, it seems reasonable that the rain site diversity model can be used.
Therefore, the values of A; and a; in equation (2) are with respect to the excess attenuations available
for rain:

a; = Ar, — Agcs; 9)

where Aggs is the attenuation associated with gases, clouds, and scintillation, and Ar; is determined by
the available link margin, referenced to no atmospheric attenuation. Predictions are shown in Figure
2 for link margins of 12.5 and 15 dB, with and without antenna pattern losses.
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Figure 2. Rain model site-diversity availabilities at Rome, NY, f= 80 GHz

3. Combined rain and cloud site-diversity

The site diversity results using the rain site diversity model neglected additional effects due to non
rain attenuation, particularly clouds, that might limit the availability for a site diversity scenario.
Significant cloud attenuation at non-rainy times has been reported in the literature[8-11]. The upper
level of availability may be limited by the non-rain attenuation, if the link margin is not great enough.
However, we should expect site diversity will also help mitigate cloud attenuation. If the cloud
attenuation is log-normal distributed, then we can apply the same methodology for cloud attenuation
as was used for rain attenuation to estimate the attenuation mitigation. Our approach then is to fit the
ITU cloud attenuation predictions to a log-normal distribution. We then need the spatial correlation
functions for cloud cover and cloud attenuation. The analysis of Benarroch et. al[13] of the spatial
cloud cover in Spain indicates that the spatial correlation properties of clouds may not be much
different than that of rain. As a first order approximation we use the same correlation function for
cloud site diversity that we used for rain.

Given the possible impact of cloud attenuation at V/W bands, we consider a site diversity model that
combines the effects of rain and cloud attenuation. We consider the two cases of fully correlated and
independent attenuation. Here we need the unconditioned probability density functions fr(A) and
fc(A). It is convenient to model the rain and cloud attenuations as log-normal distributed. We obtain
these by numerical regression of the rain attenuation prediction model and the ITU cloud attenuation
model. The disadvantage of this approach is that the unconditioned distributions are not exactly log-
normal so there is some loss in accuracy, and the distribution is valid only above a minimum value of
attenuation. In our case, the log-normal fit is made to provide a reasonable approximation over the
parameter space of interest. Next we need the single site distribution function for the combined cloud
and rain attenuation, fzrc(A). For the correlated case, we add the rain and cloud attenuations on an
equiprobability basis, and fit the resulting distribution to a lognormal. For the independent case we
convolve the rain and cloud probability densities. The results are shown in Figure 3.

There are two possibilities to calculate the combined site diversity probability for the correlated case.
The first approach is to use the same procedure discussed above, but with the statistical parameters
determined by the fit of a conditioned lognormal distribution to Azc = Ag+Ac. The other approach is to
use the unconditioned distribution, in which case the probability is given by

P(A;>a,A; > ay) = 100x (Py), (10)

where P, is the normal bivariate joint distribution as given by (5) and p, is now the correlation function
for the log attenuation of Agc. We are of course assuming the spatial correlation function for rain and
clouds have the same spatial dependence. The values for a; again are with respect to the excess
attenuation. These two approaches are equivalent, and give the same results within the limits of the
fitting process, and provided that the correlation functions are the same, as discussed below.
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Figure 3. Rain, Clouds, and Rain+Clouds attenuation distributions.

For the independent case we need to use a different methodology to calculate the availability from
site diversity. Here we use a Monte Carlo simulation of the site diversity. We generate an Nx2 matrix
of attenuation corresponding to attenuation at the two sites from random number pairs generated from
a correlated bivariate log-normal distribution

(1 (n (A)-my)? (n(Ap)-mp)® o (ln(Al)—ml)(ln(Az)—mz)
: e \2(-p3) F o Ao a2

firc(A,Az) = ————F— ) (11)
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where A, and A, are the attenuations at sites 7 and 2, m,, and oy ; are the corresponding mean and
standard deviations of the unconditioned lognormal distributions, and p, is the spatial correlation
coefficient for the attenuation. This is done for both the rain and cloud attenuation, and the
attenuations are added to obtain Arc at each site. The spatial correlation function does not have to be
the same for both clouds and rain, although in our simulation it was. Results from the combined cloud
and rain site diversity are shown in Figures 4 and 5 for link margins of 12.5 and 15 dB.
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Figure 4. Site diversity availabilities for Figure 5. Site diversity availabilities for
different link margins with correlated rain plus different link margins with independent rain
clouds. and cloud. attenuation.

4. Discussion

Comparing Figures 2 and 4 it is seen that including cloud attenuation as a variable resulted in a slight
reduction of availability. Treating cloud attenuation independent of rain attenuation increased the
availability owing to the reduced total attenuation. The above results suggest that by using site
diversity link availabilities of greater than 99% may be possible at V/W bands using modest link
margins without compromising bandwidth, even in non optimal rain climates, such as Rome NY. In



comparison, single site link margins of 30 dB and 40 dB would be required for 99% and 99.5%
availabilities, respectively. Site separation of over 50 km is needed. The optimum spacing depends on
orientation with respect to the satellite as well as the available link margin. It also depends on the
spatial correlation characteristics of the attenuation.

The spatial correlation function for rain and cloud attenuation is a key parameter in evaluating the
utility of site diversity. We discuss first the rain attenuation correlation. We note that the ITU[2]
recommendation for the spatial log rain attenuation p, is given by

d 2

pa(d) = 0.94¢Go) + 0.06e G) | (12)

which has a considerably shorter correlation length than the rain rate. In our analysis we have
assumed that p, is the same as the rain rate correlation p, This is based on the following
considerations. Rain specific attenuation is related to rain rate by the power law relation

y =aR? . (13)

Therefore we should expect specific attenuation to have a similar spatial characteristic as rain
rate.[14] The long correlation length associated with stratiform rains means a small statistical
variation over the 3-5 km path length associated with the attenuation. Monte Carlo simulations confirm
that the correlation of the In(attenuation) has a similar spatial dependence as that of the In(rain rate).
In fact, this approach allows the determination of p, from p, Furthermore, the correlation
characteristics of the rain diversity model given by equation (3) are determined primarily by p,, and not
pa. Using equation (8) for p, results in a small decrease in availability. However, in the unconditioned
probability analysis where we use only the spatial correlation function of attenuation, the choice of that
P2 can make a significant difference in prediction of availability. Equating the rain attenuation spatial
correlation to rain rate correlation maintains consistency with the ITU recommendation for rain site
diversity when using the unconditioned correlation distribution.

The spatial correlation function for rain rate also depends upon the type of rain,[15] the rain rate
threshold[13], and the integration time.[16] Lin’s[7] estimate of the rain attenuation correlation length
of approximately 5 km was based on measurements at 18GHz, and therefore biased to the shorter
correlation lengths of convective type rain. Morita and Higuti [14] found short spatial correlation
lengths (~10km) from rain gauge data in Japan, but their analysis utilized high rain rate data. Since
V/W systems will likely be limited to rain of only a few mm/hr rain rates, these short correlation lengths
do not seem applicable here. Measurements of spatial rain rate correlation in Great Britain[17] based
on rain gauge and radar data indicate correlation lengths less than 10 km, although the threshold
levels were not given. Crane[15] gives a value of the In(rain rate) correlation length of about 50 km for
the debris rain component of his two-component rain model. The analysis of Benarroch et al.[13] of
the spatial correlation of rain rate in Spain using low thresholds yielded similar correlation
characteristics of long correlation lengths as that found by Parboni and Barbaliscia[1] in ltaly. A
comparison of some of the spatial correlation functions is shown in Fig. 6. Here M-H indicates the
spatial correlation function of Morita and Higuti[14] and F is the spatial correlation function measured
in Great Britain by Fukuchi[16] for 5 minute and 60 minute integration times. Figure 7 shows the
effect of the rain spatial correlation characteristics on site diversity for 72.5 dB link margin. Here we
have used the rain site diversity model of section 2 and included the antenna pattern. It is evident that
accurate knowledge of the correlation characteristics is needed provide a reliable assessment of site
diversity. In the absence of specific locally measured data, we have adopted the use of the longer
correlation lengths given by equation (8) for our analysis of the V/W band frequencies.
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We also note that the relationship between the correlation coefficient of lognormal variates and the
transformed normal variates is given by

b = ln[1+pln (e‘flz—l)(e‘TZZ—l)] . (14)

0102

The spatial correlation properties of clouds are less well studied. Benarroch et al.[15] examined the
spatial properties of cloud cover in Spain using synoptic data, but we are not aware of any
quantitative measurements of the spatial correlation properties of cloud attenuation. While we might
assume that in the correlated case the cloud attenuation correlation can be approximated by that of
rain rate, the independent case is still uncertain. The spatial correlation properties depend on the
cloud type and octa[15]. We repeated the analysis of the independent cloud and rain attenuation with
varying cloud correlation lengths. In this analysis we modeled the cloud spatial correlation function as
an exponential

-d

pc(d) = ePc (15)

where D¢ is the correlation length. Increasing the 7/e correlation length does decrease the availability
somewhat, particularly for low link margins where cloud attenuation has a more significant contribution
to the overall attenuation. Figure 8 shows an example of link margins of 12.5 dB and 17 dB and two
different correlation lengths. These results indicate that the cloud effects cannot be neglected.

The impact of clouds is potentially greater than the above analysis indicates. In the absence of any
locally measured cloud attenuation statistics we have used the ITU recommended model.
Comparison with the limited measured cloud attenuation statistics reported in the literature [8-11]
suggests that the ITU model generally underestimates the magnitude of the cloud attenuation.
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5. Conclusion.

It is known that V/W satellite communications will involve substantial atmospheric losses. While rain is
the dominant source of attenuation, cloud attenuation cannot be neglected when considering site
diversity, particularly with low link margins. The spatial correlation dependence of rain and cloud
attenuation has significant impact on the potential utility of site diversity as a fade mitigation technique
for VIW systems. This highlights the need for geographically determined parameters as well as
improved understanding of cloud attenuation characteristics. Our analysis has shown that it is
reasonable to assume that site diversity yielding attractive availability can be attained with the
employment of a single high gain satellite antenna illuminating Earth sites with a spacing as close as
50 km. This can minimize the hardware necessary on the payload and greatly simplify the technique
for accomplishing site diversity within a satellite architecture.

6. References
1. A. Paraboni and F. Barbaliscia, , URSI 27" GA, Maastricht, The Netherlands, Aug. 2002.

2. International Telecommunication Union-Radiocommunication (ITU-R) (2007b), Recomm ITU-R
P.618-9, Geneva, Switzerland, (2007).

3. R.K. Crane and H. Shieh, “, Radio Science, vol. 24,(1989) pp. 641-665.

4. R.K. Crane, Propagation Handbook for Wireless Communication System Design, CRC Press, New
York, 2003.

5. C. Capsoni, L. Luini, A. Paraboni, C. Riva, , Proc. EuUCAP 2006, Nice France, 2006
6 P. Misme and P. Waldteufel, Radio Science, vol 15 (1980) pp. 655-665.
7. S. H.Lin,, Bell Syst. Tech. J., vol 54(1975), pp. 1051-1086.

8. N. Golshan, (ed) “Proceedings of Ninth ACTS Propagation Workshop”, Jet Propulsion Labs
Publicaion 97-3, November 1996.

9. G. Ortgies, F. Rucker, F. Dintelmann, Electronic Lett., vol 26 (1990), pp 358-360.

10. O.T. Davies, R. G. Howell and P.A. Watson, Electronic Lett., vol 34 (1998) pp 2433-2434.

11. K. Al-Ansari, P. Garcia, J.M. Riera, and A. Benarroch, Electron. Lett., vol 39 (2003) p136-137.
12. A. Dissanayake, J. Allnutt, and F. Haidara, IEEE Trans. Ant. Prop., vol 45 (1997) pp. 1546-1558.
13. A. Benarroch, p. Garcia del Pino, and J.M. Riera, Poc EuCAP 2006, Nice France, 1-10 Nov 2006.
14. K. Morita and I. Higuti, Rev. Elec. Commun. Jpn., vol. 19 (1971) pp 798-842.

15. R. K. Crane, Electromagnetic wave propagation through rain, John Wiley & Sons, 1996.

16. H. Fukuchi, IEE Proceedings, Vol 135 (1988) pp. 83-88.

17. C. Nagaraja and |. Otung, Radio Science, Vol 44 (2009) RS2012.





