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Abstract. Interference between adjacent Earth-space paths can be caused by propagation effects due to differential rain attenu-

ation. In the present paper, a modification of an existing method to predict the rain differential attenuation statistics is pro-
posed. The modified method takes into account a more complicated but realistic model for the description of the rain height.
The present results are compared with the available simulation data for the differential attenuation over pairs of paths in the
Montreal area. The difference between the existing predictive results and the deduced ones after use of the modified proce-
dure, for various geographic latitudes and climatic zones, is also examined.

1. INTRODUCTION

An interesting problem in the design of a satellite
communication system can arise when two satellites
operating at the same frequency are separated from one
another by a small angle 8 as viewed from an Earth sta-
tion (Fig. 1). Because of the spatial inhomogeneity in the
precipitation, periods of time can exist in which the
wanted signal may suffer a large attenuation, due to
heavy rain while, at the same time, the unwanted signal
may experience a much lower attenuation in weaker rain.
When this difference in attenuation becomes sufficiently
large, then the signal from the adjacent satellite can cause
interference. The analysis of the above interference, due
to differential rain attenuation between adjacent paths,
leads to the consideration of the joint effects of rain
attenuation A of the intended signal and the rain attenua-
tion A, of the potential interfering signal. For interference
calculations, the conditional distribution of AA = A, — A,
under the condition 0.5 dB < A, < M, where M is the
maximum allowed attenuation of the wanted signal,
should be used. In this sense, Rogers et al [1] have first
proposed an empirical model for the differential rain
attenuation AA at the 1% conditional probability level,
valid for the frequency range from 11 to 30 GHz, for ele-
vations from 5° to 30°, angular separations from 2° to 9°,
and system margins from 2 to 10 dB. The above model,
although simple is provisional and must be used with
caution [2]. Further, Kanellopoulos and Houdzoumis [3]
suggested a predictive method for the differential attenu-
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ation statistics based on a model of convective raincells
and the lognormal model for the point rainfall rate statis-
tics. More recently, a revised version of this predictive
technique has been presented [4] by considering different
elevation angles for the two slant paths. It is worthwhile
to notice here, that other problems of this type arising in
the satellite communication analysis and regarding the
differential attenuation interference from an adjacent ter-
restrial system, have also been handled by employing the
latter technique [5, 6].

The predictive procedure under discussion, is quite
flexible and is oriented to be applicable to any location of
the world where the above assumptions are satisfied. A
fundamental consideration of the predictive methodology
is also concerned with the estimation of the rain height.
For this reason, a constant rain height equal to the height
of the 0°C isotherm, dependent upon the latitude of the
location [7] has been used throughout the analysis there.

Towards this direction, it is our intention to consider
here for our interference prediction problem, a more
realistic model for the effective rain height suggested by
Stutzman and Dishman [8], consisting of using the 0°C
isotherm height for low rainrates and adding a rainrate
dependent term to the 0°C isotherm height for higher rain-
rates. This is consistent with the radar reflectivity profiles
given by Goldhirsh and Katz [9], where it is shown that
the rain height is equal to the height of the 0°C isotherm
for low rainrates. As rainrate increases, the rain height
indicated by the reflectivity profiles also increases. This
increase is due to the structure of convective raincells in
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Earth Surface

Fig. 1 - Configuration of the problem.

which liquid water may be carried well above the 0°C iso-
therm level by updrafts. The rain height model under dis-
cussion has already been employed {8] for the develop-
ment of an effective technique for the estimation of the
rain induced attenuation along earth-space paths with very
good performance in the important region of low percent-
ages of time, compared to experimental data from all over
the world. Further, the same novel assumptions for the
effective rain height have been used for the analysis of the
outage performance of a multiple site diversity Earth-
space system [10]. It is worthwhile to notice here that
another consideration for the rain height model has also
recently been adopted. Following this consideration, the
rain height was assumed to be a random vartable uncorre-
lated to rainrate, whose median annual value depends on
rainrate. This model was applied to a similar problem, that
is the prediction of the interference due to hydrometeor
scatter on satellite communication links [11]. However,
Olsen et al {12] denote that neither the fixed rain height
model nor that of random rain height uncorrelated to rain-
rate seem universally realistic physically.

In the present paper, the modified analysis for the pre-
diction of differential rain attenuation is developed, by
taking into account the mode! suggested by Stutzman and
Dishman [8] for the rain height. Numerical results taken
from the proposed procedure are compared with the only
existing set of simulated data from the Montreal area. In
addition, the difference between the existing predictive
results and the deduced ones due to employment of the
novel assumptions for the rain height, for various geo-
graphic latitudes and climatic zones, is finally examined.

2. THE ANALYSIS
The analytical configuration of the problem is shown
in Fig. 1. The two satellites have different elevation

angles ¢@,, ¢, and they are separated from one another
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by a small angle 8 as viewed from the Earth station. AW
is also the projected differential angle between the slant
paths under consideration. The description of the
parameters H,, H,, and H is given in subsection 2.1.
The main point of the interference analysis is the evalu-
ation of the differential attenuation statistics given by

P(AA2r/055A, <M)=

(1
P(AA2r,05<A < M)

P(05<A. < M)

where A_ is the attenuation of the desired signal, A, the
attenuation of the potential interfering signal, r the
exceeded differential attenuation level and M the system
margin available for rain attenuation.

2.1. General considerations

The following considerations which are required for
the analysis are taken into account.

1) Crane’s simplified consideration for the vertical vari-
ation of the rainfall structure is first employed {7]. This
leads to the assumption of uniform rain structure from
the ground up to an effective rain height H,. As men-
tioned previously, we will consider here the model pro-
posed by Stutzman and Dishman [8] for the determina-
tion of the rain height H,. According to this considera-
tion, the latter parameter is dependent not only on A
(geographic latitude of the specific location) but also
upon the value of the corresponding point rainfall rate
R. As a result, we have

H,=H for R<10 mm/h
R (2)
H‘,:H+log[ﬁ) for R>10mm/h
where
H =4.8km |A|<30°
(3)

H=[7.8—0.1.|ﬂ]km [A]>30°
deg

It should be noted here that another expression for the
mean seasonal value H as a function of A, is also valid
[13], but the results are the same. Let us now consider
the configuration of the satellite path i (i =1, 2) (Fig. 1).
We define now two points characteristic for the further
analysis: A; and A,, which are the section points of the
slant path ES; and the levels H and H, , respectively.
The effective rain height H, is evaluated by means of
eq. (2) and is related to some maximum observed rain-
fall rate (say 150 — 200 mm/h). The rain height H, varies
generally with rain rate and as a direct result the effec-
tive slant path length is also a function of the rainrates
referring to all points inside the part A7 A, (Fig. 1) for
rainrates between 10 and R, mm/h. The application of
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the above consideration leads to cumbersome and very
complicated calculations but this situation can be avoid-
ed by assuming the homogeneity of the rainfall medium
inside the part A; A, . Following this assumption the

effective lengths of the satellite paths are given by

H, -H, . .
L =———. ¢;210° (i=12) )

: sin @,
where the level H,, depends upon the point rainrate R,
with respect to A;. This assumption can be shown to be
valid for elevation angles greater than about 10°, leading
to projected straightline parts A; A, of the order of a
few kilometers. Moreover, H, is the average height
above sea level of the Earth station.

According to the assumption of uniform vertical rain
structure, the single and joint exceedance probabilities
(eq. (1)) can be obtained as

POS<A.sM)=P(0.5co0s ¢, <A <Mcos ¢)) 5
and

P[AA>r, 05<A < M]= P[A,’ a0 _
cos g, 6)

rcos@,,0.5cos @, < Al < Mcosg, |

where
AA=A -4 (7N

and A, A; are the attenuations referring to hypothetical
terrestrial links which are the projections of the slant
paths affected by the rain medium, with path lengths

Lp =Lgcos g (i=1,2) (8)
2) All the other assumptions are similar to those
employed for the analysis of the previous [3, 4] metho-
dology using the constant rain height model and they
are briefly presented here.

The lognormal form for the unconditional (including
non raining time) point rainfall rate R and attenuation A
distributions is first adopted.

Next, the specific rain attenuation (in dB/km) is con-
sidered to be given by the following expression

Ay=aRb )

where R is the rainrate and the constants a and b depend
upon frequency, incident polarization, temperature and
raindrop size distribution.

The convective raincell model proposed by Lin [14]
is finally employed, for the description of the horizontal
variation of the rainfall medium. According to this
model, the spatial correlation coefficient p, (d) of atten-
uation gradient A, between two points of the rain medi-
um is given by
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’ VG* +d?

where G is a characteristic parameter depending on the
spatial structure of the rainfall medium for the specific
location.

2.2. Evaluation of the differential attenuation probability

As mentioned previously, the difference of the present
contribution with respect to earlier work {3, 4] is that this
paper attempts at taking into account a more realistic
description of the rain height during rain conditions [8].
Since this appears to be the only difference, the expres-
sions relating the probabilities (5) and (6) to the lognor-
mal statistical parameters A, , S, and A,,,, S, of the
attenuations corresponding to wanted and interfering sig-
nals as well as the logarithmic correlation coefficient p, ,
between them, remain the same. A reference to (3, 4] is
considered sufficient. On the other hand, the influence of
the novel rain height considerations upon the calculation
of the above statistical parameters is very crucial. The
evaluation of the 4, , S, and A,,, S, in this case can
proceed by expressing these parameters as [15]

(n

in terms of the mean values (i,,) and standard deviations
(0,,) of the variables A_ and A/, respectively. Following a
cumbersome but straightforward analysis the u, and o}
have been expressed by means of the lognormal statisti-
cal parameters R,, (median value) and S, (standard devia-
tion) of the point rainfall distribution, the constants a and
b of the specific attenuation (A, = aR") and the charac-
teristic distance G (section 2.1), as

py =am, L+ —2t _loge -
! 2tan ¢,
(12)
[/;n(R—'")+bS,2}erfc(to)+ 2 5 e
10 /4
(i=1,2)
where
L= H-H, (13)
tan @,
mb=R,’,’,exp[b2’J (14)
u,—bS
t =2e 0% (15)
)
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u, = (16)
Sr
and
o; = E[A’]- w3,
(17)
os, = E[a?]-u3,
where
E[AZ] =1, +21,+14 (18)
E[A/'Z]: Iy + 2D + 1y, (19)
Further,
I;=a* oy Hy + @ mj, L (20)
O} = myy, — mj (21)
H;=2L,Gsinh™ (ﬂ)+
G
(22)

- 172
2G? 1{(ﬂ] +1}
G

and the analytical expressions for [;; and /,; can be
found in [10], where the same novel assumptions for the
effective rain height have been used for the analysis of
the improvement due to the employment of the multiple
site diversity technique.

Moreover, the calculation of the p, , which is the loga-
rithmic correlation coefficient between the attenuations A,
and A; follows quite similar steps. Generally, we have [4]

:i,n[1+plzﬂ e _l)} 23)

p"[: S

o,

and the path correlation p,, is expressed as

E(ALA]) =1y - Ha,
O4 04,

(24)

P =

Following again a similar statistical analysis as
before for the i, and o, , one gets

E(AA])=K,+K + Ky +Kyy (25)
where
Kn,=a*o, Hy+a*mj L L, (26)

and the analytical derivation of H, can be found else-
where [4]. As far as the other terms of (25) are con-
cerned, we have
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a’loge -
y :E—f’:m; (L. Ly, AW) 27
a? loge s
- ;! L, AY 28
2d 2tanqol my {(La. Iy ) (28)
_ a’ logze 2
dd = . . m '
2tan¢@, tan@,
exp{b? 71+ p; (L Ly, A¥)|H{& [erf oS, ) - K]+
(29)
2 1-p/(L,L,,AY¥Y
Ee® erfels, p’,’( 0L AP))
- 1+pn(Ll’l’2’A\P)
3 e—ZS,:,/[1+p,’,(L1.L1.A‘P)]}
where
pi(Lzy) = ——s [’n[l+p(',(L.:,y)(e" S; —1” (30)
po(L.2y)= G (31)

NG+ L7 +:7 =2z Lcosy

and the analytical expressions for /(L,, L., A¥), &,, &.
&;, 8, and K can also be found in [10].

3. NUMERICAL RESULTS AND DISCUSSION

In this section, an application of the above analysis
for the prediction of the differential attenuation prob-
ability, is presented. First, the proposed predictive pro-
cedure has been applied to the simulated data for the
differential rain attenuation taken from Montreal [1].
More particularly, forty hours of observations of the
three-dimensional radar reflectivity structure of rain in
the Montreal area were used to simulate the attenuations
occuring simultaneously over a multitude of earth-space
propagation paths. It is worthwhile to notice here that
the same data base was used in an earlier radar-radiom-
eter comparison [16], which demonstrated that the
attenuation statistics generated synthetically by integrat-
ing the measured radar reflectivity over earth-space
propagation paths were in good agreement with inde-
pendently measured attenuation statistics for the same
paths. The compilation of statistics on differential atten-
uation on adjacent paths was succeeded by simulating a
large number of pairs of paths for a variety of viewing
directions, frequencies, elevation angles, angular separ-
ations, and taking values of attenuation occuring simul-
taneously over the paths computed at 5 min intervals.
Further details concerning this matter are given in [1].

On the other hand, the implementation of the proposed
procedure requires the knowledge of the parameters H,

H, a, b, G, R, and S, with respect to the Montreal data
under con51derat10n A list of appropriate numerical val-
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Table 1 - Parameters of the Montreal experiment

Parameter Value
H 3.2km
H, 0.2 km
G 0.75 km
R, 0.049
S, 1.74194
(15GHz) (30GHz)
a 0.0295 0.1581
b 1.1418 1.0427

ues for these parameters is presented in Table 1. Some
comments concerning the proper estimation of the above
parameters are presented elsewhere [3].

In Figs. 2 - 4, the conditional probability has been
drawn versus the variable r in comparison with the sim-
ulated data, for various values of frequency f, elevation
angles ¢, angular separations € and available margins
M. In the same figures, the results taken from the exist-
ing procedure [3, 4] are also drawn. As can be seen, the
comparison shows an improved situation in relation to
the already existing ones.

In addition, the differential attenuation at the 1% condi-
tional probability AA(1%) is also examined. More partic-
ularly, M (available margin in decibels) curves versus the
angular separation 8 (in degrees) are shown for AA(1%) =
1 dB, f=15 GHz and ¢, = ¢, = 10°, 20° (Figs. 5 and 6).
As pointed out by Rogers et al [1], the reason for the

Existing Model
\ —— - Modified Model
—— - — Experimental Data

107

102 |

1078

5 -4-3 -2-1 012 3 45
r (dB)

Conditional Probability that Differential Attenuation Exceeds Abscissa

Fig. 2 - The conditional probability P (AA 2 r/0.5 < A, < M) versus
the variable r, for f= 15 GHz, M = 5 dB, ¢, = ¢, =10°, 8 = 6° and
Montreal area.
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Existing Model
— — — Modified Model
~— - — Experimental Data

10 4

102 |

Conditional Probability that Differential Attenuation Exceeds Abscissa

108 |

5 43 -2-1 01 2 3 4 5
r{dB)
Fig. 3 - The same as in Fig. 2 but for M = 10 dB.

-
|

Existing Model
— — — Modified Model
— - —- Experimental Data

101 |

102 |

108

5 4-3-2-1 012 3 45
r(dB)

Fig. 4 - The same as in Fig. 2 but for f=30GHz, M=5dB, ¢, = ¢, =
10°, 6=16°.

Conditional Probability that Differential Attenuation Exceeds Abscissa

choise of these coordinates (M and 6) is that the angular
separation and margin are the parameters over which the
systermn designer probably has the most control. The same
improved situation, with respect to the experimental data,
is also quite obvious. All the above facts seem to justify
the necessity for the development of the present method
which takes into account more complicated but realistic
considerations for the estimation of the rain height.
Further, similar curves (M versus 6) are examined for
various locations (Japan, Florida and Denmark) in com-
parison with the existing predictive results (Figs. 7 - 9).
In this case, experimental data are not available. As it is
obvious, the deviation between the results taken from
the present predictive technique and the already existing
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Existing Model
— — — Modified Model
— - ——- Experimental Data

Available Margin M (dB)
[6;]
|

T
0 1 2 3 4 5 6 7 8 9 10
Angular Separation (deg)

Fig. 5 - Available margin M (in dB) versus the angular separation 6
(in degrees) for f = 15 GHz, ¢, = ¢, = 10°, AA (1%) = 1 dB
(Montreal area).

114 —— Existing Model
10 | — — _ Modified Model

7 l ‘ —— - — Experimental Data
Q4

8 -
7 4
[
54
4
3
2

Available Margin M (dB)

o T T T T T T T T
01 2 3 45 6 7 8 910
Angular Separation (deg)
Fig. 6 - The same as in Fig. 5 but for ¢, = ¢, = 20°.

one is not quite evident for low absolute latitude loca-
tions even associated with high rainfall conditions such
as the Florida area (A = 28°, Fig.7). On the other hand,
there is a gradually increasing deviation in relation to
the absolute latitude of the location and this is quite pro-
nounced for latitudes greater than 50° even associated
with low rainfall conditions such as the Denmark area
(F climatic zone, A = 60°, Fig.9).

Another set of curves which the system designer would
like to see is the effective carrier -to- interference ratio
(C/Ty versus the angular separation (6) of the two satel-
lites. Following basic satellite link considerations [17],
the (C/I) ratio of an earth-space system interfered by an
adjacent satellite, under clear-sky conditions, is given by

(Ej = EIRP, (dBW) — EIRP! (dBW) +
7)es (32)
G (dB) - (32— 25l0g6)

where EIRP, is the equivalent isotropic radiated power
of interfered satellite S, in the direction of interfered
earth station E. Moreover, EIRP; is the equivalent iso-
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40.00 A

Existing Model

Modified Model
30.00 A

20.00

Available Margin M (dB)

10.00 1

0.00 T T T T T T T
0.00 200 4.00 6.00 8.00 10.00 12.00 14.00
Angular Separation {deg)

Fig. 7 - Available margin M (in dB) versus the angular separation 6
(in degrees) in comparison with the existing predictive procedure: f =
15 GHz, ¢, = ¢, = 30°, AA (1%) = 1dB (Florida area).

A
20.00 -+ \
!
\ — — — Existing Model
! Modified Model
& 15.00 1
) |
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<
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o
Q
S
g
< 5004
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0.00 2.00 400 6.00 8.00 10.00 12.00 14.00
Angular Separation (deg)

Fig. 8 - The same as in Fig. 7 but for Japan area.

tropic radiated power of interfering satellite S, in the
direction of interfered earth station E and G is the on-
axis received antenna gain of interfered earth station E.
The last term of the eq. (32) specifies a sidelobe enve-
lope level relative to the normalized peak gain (0 dB)

14.00 4

— — — Existing Model
Modified Model

12.00 H

)

~

o

o

S
1

8.00

6.00 -|

4.00 -

Available Margin M (dB

2.00

0.00

0.00 200 400 6.00 8.00 10.00 12‘.00 14.00
Angular Separation (deg)

Fig. 9 - The same as in Fig. 7 but for Denmark area (F climatic zone).
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according to the U.S. Federal Communications
Commission [17]. The carrier -to- interference ratio
under rain fading conditions is now expressed as

5)(5)

The result of (33) is a reduction of the discrimination
which the directional pattern of the antenna provides
against an interferer. In Figs. 10 - 12, curves of (C/I) ver-
sus @ are presented for various locations (Japan, Florida
and Denmark) as before and for realistic values of the
above parameters in eq. (32). A list of these values is pre-
sented in Table 2. The numerical results taken from both
predictive techniques (existing and modified) are given
for various values of the percentage non-exceedance con-
ditional probability (p%). A useful extract deduced from
these diagrams is the estimation of a threshold for the
angular separation between the satellites O, less than
this the operating system violates the specified interfer-
ence tolerance conditions (e.g. for an allowed level of 28
dB for the (C/I) ratio and for the Florida area (Fig. 10),

50.00
Florida
45.00
40.00 a
35.00
[}
£ 30.00
)
25.00
Clear Sky
20.00 eeaco Fading 10% (Unperturbed Model)
eecee Fading 10% (Modified Model)
a8Bo0 Fading 1% (Unperturbed Model)
15.00 mease Fading 1% (Modified Model)
10.00
0.00 2.00 4.00 6.00 8.00 10.00

Angle (deg)

Fig. 10 - Carrier -to- interference ratio (C/I) versus the angular separ-
ation (), in comparison with the existing predictive results: f = 15
GHz, ¢, = ¢, =30°, H,=0.2 km (Florida area, A = 28°).

C/1{dB)

~——— Clear Sky
eecoc Fading 1% (Unperturbed Model)
seeee [ading 1% (Modified Model)
20.00 msaoc Fading 0.1% (Unperturbed Model)
Rade sesse Fading 0.1% (Modified Model)

0.00 2.00 4.00 6.00 8.00 10.00
Angle (deg)
Fig. 11 - The same as in Fig. 10 but for Japan area (A = 35°).
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50.00
Denmark
45.00
40.00
& 36.00
k=2
© 30.00
essoo Fading 1% (Unperturbed Model)
25.00 esoee Fading 1% (Modified Model)
sapoo Fading 0.1% (Unperturbed Model)
sasee Fading 0.1% (Modified Model)
20.00 assas Fading 0.01% (Unperturbed Model)
assas Fading 0.01% (Modified Model)
——— Clear Sky
15.00
0.00 2.00 4.00 6.00 8.00 10.00
Angle (deg)

Fig. 12 - The same as in Fig. 10 but for Denmark area (A = 52°).

the ©,, can be found to be 1.6 (deg) for 10% and 2 (deg)
for 1% non-exceedance conditional probability, respec-
tively). As can be seen, the influence of the novel

assumptions for the rain height, for all the cases, is more

significant for the lower probabilities. Taking the previ-
ous example, the modified ®’s for 10% and 1% prob-
abilities are 1.7 (deg) and 4 (deg) respectively. As a direct
consequence, the demand for the design of earth-space

Table 2 - Parameters of the (C/I) versus 8 examples

I

Parameter Value
EIRP, 34 dBW
EIRP/ 30 dBW

G 51dB
(C/D o ’ 23+251og O
(A) Florida area
R, 0.0173
S, 2.45
G 0.75 km
M 53dB

\

|

|

!

(B) Japan area {
R, . 0.04964

\

S, 1.8677
G 1.5 km
M 42 dB
(C) Denmark area
R, F climatic zone
Sf
G 1.75 km
M 35dB
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systems less interfered by other adjacent operating satel-
lite links leads inevitably to the consideration of more
accurate descriptions for the rain height.

As a final remark, we should note that motivation still
exists for the further improvement of the analysis, by tak-
ing into account the anisotropic behaviour of the spatial
rainfall correlation function which is quite significant for
several locations around the world [18], or other models
(except lognormal), such as a modified gamma form [19],
for the representation of the point rainfall statistics.

4. CONCLUSIONS

Differential rain attenuation is considered to be one
of the main propagation effects on interference
between adjacent Earth-space paths. In this paper, a
modification of an already existing systematic proce-
dure for the prediction of the differential rain attenua-
tion, is presented. The modified procedure takes into

account a more complicated but realistic model for the
description of the rain height. The results of the pro-
posed procedure are compared with simulated data
taken from Montreal. The comparison shows an
improved situation in relation to the existing method.
Moreover, the difference between the existing results
and the deduced ones after use of the novel assump-
tions for the rain height, for various geographic lati-
tudes and climatic zones, is also considered.

It is generally shown that the induced modification is
quite significant for problems associated with locations
of high absolute latitude even for dry climatic zones. On
the other hand, independent of climatic zone and lati-
tude of the location, the need for design of earth-space
systems suffering least interference problems due to dif-
ferential rain attenuation, leads to the inevitable use of
more realistic considerations for the rain height.

Manuscript received on May 30, 1995.
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