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Analysis of the Interference Due to Differential
Rain Attenuation Induced by an Adjacent Path
on a Triple-Site Diversity Earth-Space System

John D. KanellopoulosSenior Member, IEEEand Spiros N. Livieratos

Abstract—The reliable design of satellite communication sys-
tems requires the consideration of interference effects. Interfer-
ence caused by differential rain attenuation from an adjacent
earth—space system is taken under consideration here. In partic-
ular, a method to predict rain differential attenuation statistics
used for single/double site earth—space systems is extended to
include triple-site diversity ones. The modified method is again
based on a model of convective rain cells as well as on the
lognormal assumption for the point rainfall rate distribution at
the location under consideration. In an analogous fashion with
the (C/N) ratio, a < (C/I) diversity gain> is also adopted here
and some very useful remarks concerning the effectiveness of
the triple-site diversity protection as a countermeasure technique
are deduced. As a general conclusion, it can be stated that the
triple-site scheme not only reduce the potential large attenua-
tion margins significantly, but also leads to the establishment
of the minimum separation between satellites operating under
permitted interference levels.

Index Terms— Attenuation, interference, propagation, rain,
satellite communication.
NOMENCLATURE

i Elevation angle of the slant paths pointing
toward satelliteS; (: = 1,2).

04 Differential angle between two satellites.

Sij Site separation between statioBs and £
(g =1,2,3,4 # ).

D;; Distance between the projections of the slant
radio pathsE; Sy and E; 51 (4, j = 1,2,3,
i # j).

H Effective rain height.

A Latitude of the specific location.

H, Average height above sea level.

E Mean radius of the earth.

A, Rain attenuations of the wanted signal re-
ferring to earth-space slant pathss; (i =
1,2,3).

Ar Rain attenuations of the interfering signal
referring to earth—space slant pathssS;.

M System margin available for rain attenua-

tion.
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Carrier-to-interference ratio at the earth sta-
tion E; receiver.

Carrier to interference ratio as above but
under

clear-sky conditions.

Effective average length of the earth-
satellite paths corresponding to the wanted
signal.

Effective average length of the earth-
satellite paths corresponding to the inter-
fering signal.

The projectedL< and Ly, respectively.

Rain attenuations calculated for the projec-
tions of the slant path&;S; (i = 1,2, 3).
Rain attenuations calculated for the projec-
tions of the slant path&’;S; (i = 1,2, 3).
Constants of the specific rain attenuatidn

(in decibels/kilometer).

Characteristic distance modeling the spatial
inhomogeneity of the rainfall structure.
Diameter of the rain cell size.

Lognormal statistical parameters of the
point rainfall distribution.

Nonexceedance level of th€’(/) ratio (in
decibels).

Lognormal statistical parameters of the dis-
tributions concerningd;, , A, , A r.vs.
Lognormal statistical parameters of the dis-
tributions concerningd} , A7, A7 r.vs.
Three-dimensional normal joint density
function.

Two-dimensional normal joint density func-
tion (i, j =1,2,3, 4 # 5).

Statistical parameters expressed in terms of
the logarithmic

(j = 1,2,3,4,5,6) correlation coefficients
pn;j(i’ J =123 # j)andp,, (i =
1,2,3; k = 4,5,6).

Il. INTRODUCTION

REQUENCIES above 10 GHz will be of high impor-
tance in future satellite systems as they will allow high-
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communication capacities. In this band of frequencies, how-
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ever, attenuation caused by rain is a basic limiting factof the problem one is referred elsewhere [8]. Note that the
affecting the performance of these systems, especially in he@yywill be slightly different for each statio#’;, F», and E5.
rain climatic regions, e.g., climatic zonds, H, K, L, M, This angle can be analytically expressed in terms of the slant
N, P, Q. In such conditions and considering very largeanges between earth—statidth satellite { = 1,2) and the
availability time specifications, the site-diversity configuratioradius of the geostationary orbit [11]. Assuming now that the
has been introduced as a mitigation technique to reduce i separation distancet ; (4, 7 = 1,2,3, ¢ # j) between
required large fade margins [1]-[5]. In some severe cases stich ith and jth earth stations are very small compared to the
as operation in the, band (30/20 GHz), the link marginsvarious slant ranges and the geostationary orbit radius, it can
result very large and consequently the double-site diversig deduced that the difference between dh's is negligible
protection can be proved to be inadequate leading to thith approximation better than one per thousandth.
employment of triple-site diversity [1]. This is more evident The following values of rain attenuation are importast; ,
for earth—space paths located in subtropical/tropical regiods,, A., of the wanted signal referring to earth—space paths
where the imperative need for reliable transmission with low; .S, E2S1, and E5S1, the corresponding oned; , Ay,
fade margins, as stated above, seems to impose the inevitabje of the potential interfering signal along the pathgsSs,
use of triple-site configuration. So far, a number of three-sitg, S>, F3S>, and the system margin®/,, M., M3 available
diversity systems have been operated such as the most refentain attenuation. All these terms are, of course, expressed
experiment at 20 GHz, which has been in near continuoims decibels. A balanced diversity system, commonly used
operation since September 1994 [6]. in practice, will be adopted here leading to the assumption
Furthermore, interference effects—another important erréf; = My = M3 = M.
inducing propagation mechanism—must be taken into accountAs a result of the site-diversity scheme, the selection of the
for the reliable design of a satellite communication system. Theceiving station¥;, >, or F3) at each instant will depend on
dominant interference source examined in this paper refersthe carrier-to-noise plus interference rat{@®/V), (C/N)a,
interference caused by differential rain attenuation from amd (C/N)3 levels, respectively. Following the reasonable
adjacent earth—space system operating at the same frequeassumption that a noise-dominant system in the presence of
The lateral inhomogeneity in the precipitation medium magn interfering satellite transmitter is conside(€y N < C/I)
result in interference to the signal from the adjacent satellifd.1], the above selection criterion is almost equivalent to
This type of interference is considered to be a very seriotlee consideration of the receiving earth station by means of
problem for the future satellite systems where orbital armlitching to the least attenuated path.
frequency congestion is expected to be move restrictive. Further, an outage of the wanted signal will occur whenever
So far, the analysis of this problem has been restrictel, > M, A,, > M, and A., > M. For a noise-dominated
to single site systems [7]-[9]. In a very recent publicatiorsystem, the additive contribution of the interference effects on
the double site diversity case has also been examined [1ibf total outage time can be taken into account by means of the
The subject of the present paper is the extension of the latteifowing probability: this is the fraction of the time when the
analysis to include interfered systems operating with tripleystem suffers from interference as part of the total time when
site diversity protection, which is indispensable in some caséise eventd,, > M, A,, > M, andA., > M is not valid,
as stated above. From this point of view, the possibility dfut the system is under rain fade conditions. In mathematical
the present described scenario actually occurring seems t@oins, this conditional probability, which is the main objective
to be remote, particularly for earth—space paths located dhthe present analysis, can be expressed as
subtropical/tropical regions. The extended method is based
again on the same assumptions as before [8]—[10]. P+ P+ Py
The numerical results taken by means of the proposed = Pt P+ Py 1)
procedure are concentrated on the analytical examination of
the carrier-to-interference ratio and the corresponding divers\i% ere
gain in relation to the various parameters of the problem. Some
very useful conclusions indicating the benefit of the satellite r

design process are drawn. P =P <%) <rorm £ A, <M,
L 1
Aq S ACQ’ Aq S A(:S
lll. THE INTERFERENCEANALYSIS ]
.The configuration of thg present problem is. shown in P, =P <9> <o < Ao, <M,
Fig. 1(a). Three earth—statiorfs;, F>, and E3 are in com- NI/, @)
munication with a satellite5;, forming a triple-site diversity i
protection scheme. A second satellie operating at the Aey £ Aeys Aoy < Ay
same frequency is in orbit close t8; the two subtending C }
an angled, to E1, E,, and E5. The slant paths corresponding Py :PK—) <7, rpy LA, <M,
to the wanted and potential interfering signals have generally 1)s
different elevation angles given by; and ¢s, respectively Ao, < Aqy, Ao, < Ao,

[see also Fig. 1(a)]. For better information about the geometry /
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to satellite S, to satellite S,

(b)

(©) (d)
Fig. 1. (a) Configuration of the problem under consideration. (b) The projections of the slant paths corresponding to the earth-statids respectively.
(c) Presentation of the IengthEf) as required for the calculation of the factdi&; (Appendix B). (d) The Iengthsﬁ)g" for w;; < 90°.

and where(C/1); (i = 1,2,3) is the carrier-to-interference ratio
at the input of E;th receiver.
Under rain fade conditions, the above ratios are given by

< Ao M, Ao, < Aoy, Ao, < Au]
Pi'):P[T/WSACz <M, Acz SACU AczsAcz] (3) <g> :<g> — A, + AL (L:]_ 2 3) (4)
SA SM A SA A SA ] % %, nom 7 7 o
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Lip
Fig. 1. (Continued) (e) The IengthsDEf) for w;; > 90°.
TABLE |
PARAMETERS OF THE INTERFERENCE PROBLEMS
Georgia Tropical Region
H = 4.3 km H =38 km
H, =0.1 km H, =0.1 km
R,, = 0.04964 R,, =0.13415
S, = 1.8677 S, = 1.8568
G = 1.75 km G =0.75 km
19 GHz 19 GHz
a=0.077,b=1.099 a=0.075,b=1.099
28.5 GHz 28.5 GHz
a=0.187,b=1.021 a=0.187,b=1.021
w1 = 29°, py = 29° p1 = 29°, py = 29°
0, = 4°,6°,8° g = 4°,6°,8°
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The geometrical parameters for the satellite systems un-
der consideration are the geographical longitudes of the two
geostationary satellite®s,, 8s, and their angular separation
8 = |6s, — bs,|. The elevation angles of the slant paths
9, and the angular separatiép between the two satellites as
seen by earth—station antenna can be expressed in terms of the
above parameter®s, , 6s,, andg [11]. The numerical values
for ¢1, @2, 84 concerning the systems under consideration, as
presented in the third section of the paper, are tabulated in
Table I.

According to Crane’s considerations for the vertical varia-
tion of the rainfall structure [14], the rain structure from the
ground up to an effective rain heiglf is assumed to be
uniform given by

where A is the latitude of the specific location in degrees.
As a result, the effective average lengths of the earth-satellite
paths corresponding to the wantéb~) and interfering(L;)
signals affected by rain are given by

H =48km
H =78—0.1|A| km

|A] < 30°

|A| > 30° ©)

H-H,
Lo =——

S11n

po ez (i=1,2) ™
Ly=—">"2

sin o
Le =[(E+H)? — (E+ H,)? cos® p1]*/?

- (E + Ho) sin ¥1

@; < 10° (8)

Ly =[(E+H)? - (E+ H,)? cos? p,]*/?
- (E + Ho) sin ®2

where (C/I); yom IS the ratio, under nominal conditions

(clear-sky conditions), concerning tlith station. whereF is the mean radius of the earth afg is the average
In addition, ~ is the nonexceeded carrier-to-interferencgeight above sea level of the earth station.

ratio level, whereas the quantity,; is an indicative threshold

depending on the sensitivity of the attenuation measuremerH,sobabi”ties encountered in (1)~(3) as follows:
used to describe the period of time where the system operates
). 77)
1 nom

under rain fade conditions. The specific value “0.5” suggested C
P _P{Ah <A, — <<
05< A, <M, A, <A,, A, < ACS}

by Rogerset al. [7] will be adopted here. 7

The derivation of (1)—(3) is a direct result of the Bayes
theorem [12] and since the following conditions hold:

P < Py —p [ A/L < Ain % .
P, < Py (5) o COS w2 ~ COS @1 B 7 1 nom A
Py <Py ) !

A<

Cc1 —

A(‘ / /

05 —— <M, A <A

— — 1 - C2?
cos 1

e (5,
L 2 nom

05<A., <M, A, €A, A, < ACS}
:p[ <
cos 1

().

A(‘
05< —2- <M, A, <A,, A, <A, | (10)
CcOS @1

Al 9
the probability P in (1) will be always less than unity. More ‘:3} ©

details concerning the derivation of (1)—(3) can be found in
Appendix A.

C

1

2

A. General Considerations

The analysis that follows is based on a number of assump-
tions.

The lognormal form is adopted for both the unconditional
(including nonraining time) point rainfall rat& and the rain
attenuationA distributions [13].

/
A

Cos 2

C

1

!
< L

Taking into account these considerations, we obtain the
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C M cos @1 =) =)
P3 =P A[S S A(,S <<7> — 7’), PQ = / dyg/ dyl/ dyg
L 3 nom Ty Y2 Y2
0.5< Ao, < M, A, < Aoy, Ao, < A, } ./(ms pef e e e dys
r / / °
_p Al < Ay ((C o, far az, A (Y Y2, Y3, Ys) 17)
L COS ¥2 ©cos ¥1 I 3nom M cos @1 oo
A/ Py = d d d
05< % <M, A, <A A < A’cz} (11) s / vs /y yl/ v
COs @1 (cos 2/ cos op1)ys—r’ cos w2
/ dy(;
r A/ TN e}
Py=Pl05< —9 <M, A, <A, A <A g az, A, (Y Y2, Y3, Yo) (18)
- €os ¥1 - M l(‘o'i 2(,,1 ’ o) o)
r A/ T =
Py=P|05S % <M, A, S A, AL, SAL| (- h /0 dyl/ d‘”/ s
cos 1 & 2 | 5 cos @1
A ] Sar ar (v, vz, ys) (19)
PG =P|0.5 S = S M, Al < A/c1’ Al S AICQ M cos ¢4
7 cos g P P = d/d/d
(12) 5 /0 5 con o1 Y2 Y1 Y3
In these expressionsl; , A;,, A, andAy, A7, andA7 < fag arar (v, 42, ys) (20)
are the rain attenuations calculated for hypothetical terrestrial M cos o
links (the projections of the slant paths) with path lengths Ps = / dys / di / dys
0.5 cos 1
Lep =Le cos o1 } (13) Sag ar,ar (v, v2, ys) (21)
Lip =Ly cos g2
The specific rain attenuation (in dB/km), as a function dvhere
rainrate (in mm/h), is given by
C
A, = aR (14) = <7> - (22)

0.5 cos @1, 7' <0.5
ze=9¢ 1" cos p1, 05<7 <M (23)
M cos ¢, M <7,

where the constants and b depend on frequency, incident
polarization, and the microstructure of the rain [15].

The convective raincell model proposed by Lin [16] (as
modified by Kanellopoulos and Koukoulas [13]) will be used
for the horizontal variation of the rainfall structure. According=qor 3 balanced diversity system is assumed
to this model, the spatial correlation coefficignt of specific
rain attenuation between two points, being at a distahae

the rain medium is given by ¢ _(¢ _(¢ _(¢
G 1 1, nom 1 2, nom 1 3, nom 1 nom'
—— ford< D, (24)
G? 4 d?
Po = aQ (15)
\/WDZ , ford =D, In the above expressionsfs, AL AL AL (y1, Y2, Y3, Ya),
Jar ar a4 (Y1, Y2, U3, ¥s), and far ar_ar 4

where( is a characteristic distance ranging from 0.75-3 kr@fly; y;, ;6) are the joint density funcaloncé Cgf Igthe
and D,. is the diameter of the raincells in the specific area. ygriables4’ = A’ . A’ A, AL AL AL AL and AL
1’ 2

e o 3! (R o) 3 e

AL, AL, A, respectively. Furtheng, AL AL is the joint
B. Evaluation of the Conditional Probability density function of the variabled!, , A’ | andA’ It should

Following the previous considerations, the joint exceedanbg noted that the same kind of joint PfOb_ab"'“es also appear
probabilities appearing in (9)—(12) can be evaluated as  €elsewhere [9], where the corresponding interference problem
for a single-site system has been examined. In the present

po_ M cos %d °°d °°d case, due to the complex geometry, the joint probabilities
T /mt s /y1 yQ/ Ys are much more complicated and consequently their reliable
(cos @2/ cos @1 )y1—r' cos @y and accurate evaluation is the fundamental key of the whole

. / dys analysis.

After using a straightforward statistical analysis, which is

ar a4 (Ui v, s, 04) (16) presented in Appendix B, the integrals of (16)—(21) can be

1 Te2 o3
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transformed to the following simplified fornds: in terms of the point rainfall parametefs,,, S, the constants

u1p oo oo a and b of the specific attenuation and the factdfsc, Hir
P = / dm/ duQ/ dus fu, v,u, (U, u2, u3) which have the form
Uik Uy Uy
[ 1

- 7 L
— .11 {Lxp
B erﬂ;(M) (25) 2Lx p@ sinh <T>
L 2 V204
U1p oo oo 2
Py = / duQ/ dul/ dus fo,v,us (U1, u2, u3) +2G?|1— 1+<LXTD> , for Lxp < D,
Uik Uz U2
1 Uz — N5>_
-1 — —erfe| —— 26 D.
_UIP 2 Og \/50’500 i ( ) HlX _ 2LXDG Sinhil < C; )
Py = / duz/ dul/ dus fu,v,v, (U1, Uz, us) D2
Uik Uz Uz . +2G% |1 —4/1+ <_7>
1 U3z — pe G
11— 5 erfc] ——— (27)
) Vare /. Gllxp - D)" for Lxp > D
and + \/m ; or Lxp = LDy
Ulp o>
_1 U1~ ps (X =C, 1
Py=3 /uoo duy . dus fu v, (ur, ug) erfc< Toon ) (28) (39)

“U1p -00 us — 1 and GG, D, are characteristic parameters depending on the

P =1 / dus / dus fu,u, (12, u3) erfC( ) (29) spatial structure of the rainfall medium [see also (15)].

ol " L Summarizing the procedure, the conditional probability un-

Ps = %/ dU,g/ du fu, v, (1, U3)erfc<u3 _ ’“‘2> (30) der consideration (1)—(3) can be evaluated by means of the
Uoo ug V20, relationships (25)—(34). The lognormal statistical parameters

where Ay Sa, @aNd A, S,, encountered in the previous relation-

ships can be estimated by using (35)—(39). In addition, the

3

Uoo

In(0.5 cos ¢1) —In A,

Uoo = 3 (31) statistical parameters;, o; (j = 1,2,3,4, 5,6) are expressed
o in terms of the logarithmic correlation coefficients.. (i,
Gl Y (32) J =1,23,i#j)andp,, (i =1,2,3 k =4,5,6) which
Say are evaluated in Appendixes B and C.
= In(M cos ¢1) —In A, (33)
: Sa IV. NUMERICAL RESULTS AND DISCUSSION
In| A, e CO8P2 1 cos wa| —1n Ay, We now proceed with the application of the preceding anal-
usj = cos #1 (34) ysis to the prediction of differential rain attenuation induced
Sas by an adjacent path on a triple-site diversity system. A realistic

The analytical forms of the two-dimensional normal densitgommunication system operating in Georgia and referring
functions fu, v, (w1, u2), fu,u,(u2, ws), and fi, v, (u1, uz) as to the COMSTARD, satellite p,, (geographical longitude)
well as the three-dimensional orfe, 17,1, (11, u2, uz) can be = 128° W, f = 19 GHz] has been considered. In order to
found in Appendix B. examine the performance of the interfered diversity system

The parameterg;, o, (j = 1,2,3,4,5,6) correspond to in association with the climatic zone, another communication
the proper conditional mean values and standard deviationssistem operating under analog conditions, but located in the
each case and are also presented in Appendix B. tropical region (climatic zone?) is also considered. The

In the above expressions,,, S,, are the lognormal statis- elevation anglep; for the wanted satellited); as seen from
tical parameters of the attenuatiod$ , A, , and A, given the earth stations located in Georgia is found to be. Z®e

c2

by [16] same value fory, is also taken for the fictitious system
H operating somewhere in the tropical region. Implementation
sz =£n{1 + L;“ (exp(b?S?) — 1)} (35) of the procedure requires knowledge of the parameférs
¢b H,, a,b G, R, ands,. A list of appropriate values for these
Ay, =aR, Lep exp[(b7S7 - S2)/2]. (36) parameters is presented in Table 1. Some comments concerning

their proper estimation are given here.
The effective rain heightd is given by (6) using the
geographical latitude of Georgia = 34°. The location

In addition, 4,,,, and S,, are the lognormal statistical param
eters of the attenuationd’; , A7 , or A} given by

Hiy belonging to the@ climatic zone is considered to be in
52 =tn|1+ L (exp(b?52) — 1 37 'ging . .

a2 n[ + z (exp(b™5',) )} (37) Brazil and corresponds to a geographical latitude- —40°.

Apy, =aR%, Lip exp[(b?S2 — 52.)/2] (38) The numerical values for the parameters a and b have been

1 . . . _estimated by using the recent International Radio Consultative
The PASCAL code concerning the numerical calculation of the multidi-

mensional integrals can be obtained by sending a request to the first auﬁ;&mm'ttee (CC|R) report [15]- The estimation of the param-
by e-mail at chvazour@cc.ece.ntua.gr. eter G needs some more comments. The vafde= 1.75
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10 7'y Georgia USA i

3 f=19GHz , outage 30 min/year 10 '

] separation angle 4 deg. 5) Q climatic zone

g Bl f=19GHz , outage 30 min/year
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Fig. 2. Conditional probability versus attenuation levef)(for a single Fig: 3. Conditional probability versus attenuation leve] for a single-site

site and various cases of potentially existing triple-site diversity systems ¥d the corresponding double- and triple-site diversity systems. The other
different configuration and separation distarteThe other parameters are Parameters are Locatiory climatic zone,f = 19 GHz, 5 = 10 km, and
Location: Georgiaf = 19 GHz, ¢y = 29°, and differential angl®#, = 4° g = 4°.

in the equatorial orbit.

path correlation coefficientp;; due to longer path ranges

km has been selected as representative for the Georgia aresociated with this type of configuration.
because it gives a best fit to existing single-path and site-In Fig. 3, a comparison of the triple-site interfered system
diversity attenuation data in this area [13]. On the other hanglith the respective double-site system operating at the same
the G = 0.75 km value is more suitable for tropical regiongain attenuation outage time, is attempted for a location
where high-intensity rainfalls of limited spatial extension is belonging to the@ climatic zone. The other parameters of
usual phenomenon. As a final step, the lognormal paramettits problem are the same as before. As it is expected, the
R,, and S, are derived by means of a regression fittingriple-site gives larger deviations in relation to the single site
technigue implemented on the available rainfall data for tlwnditional probability results. Moreover, the latter probability
Georgia area [16] and the tropical climatic zofe[14]. takes quite significant values, even for small values’déss

In Fig. 2, the conditional probability [expressed by (1)—(3)ihan 10 dB.
is drawn versus’ for a single site and the corresponding Next, some more practical aspects of the whole problem
triple-site interfered system, operating at the same rain are discussed. In Fig. 4, the differences — +/,/r. — r}
tenuation outage time (30 min/yr in this case). Various caskstween the differential attenuations for a single and the
of potentially existing site diversity systems are shown witborresponding double-/triple-site diversity system versus the
separation distances = 10 and 20 km [see Fig. 1(b)]. separation distancg are shown. In this case, three different
The geometrical setting of the three sites is a parametecations of the potential interfering satellite are examined
of the whole problem and is examined analytically heréd, = 4,6, and8°) but ¢; andy, remain the same as above.
Configuration 1 is associated with arrangement of the statiofise earth stations are cited in Georgia area. The following
in a straight line, whereas in configuration 2 the three sitesmarks can be deduced. First, the saturation of the differences
form a triangle. The fictitious potential interfering satellite”, — +/,/+. — +} for large values ofS is clearly indicated,
and the COMSTAR form a differential anglé = 3.8° (in being a direct consequence of the previous considerations. As
the equatorial orbit) in this case. The elevation anglethe mentioned elsewhere [10], the differences— +/,/r. — r}
angular separatiofi; and the projected differential anglsl are also equal to differences of th€/{) ratio in decibels
can be obtained by means of theand the other geographicalfor the single and the respective double-/triple-site diversity
parameters of the problem ag, = 29°, 6, = 4°, and system. In other words, they represent the/F diversity
AV = 4.3°. The numerical values fop;, @2, and @, are gain,” aterm analogous to the well established “diversity gain”
also presented in Table I. referring to the ¢/N) ratio used in this kind of problem.

As may be seen the deviation of the triple-site diversitgnother obvious remark, which can be deduced from this
results in relation to the single-site ones is quite pronouncdijure, is that the triple-site C/I” diversity gain is always
even for small values of the separation distances (8.g-,10 greater than the respective double-site one, their difference
km). On the other hand, there is a significant tendency b&ing more significant for large values of the differential angle
saturation for large values &f. Configuration 1 is concerned(fd, = 8°) and for lower conditional probabilities (0.01% in
with the larger deviation. This is consistent with the smallehe present case). On the other hand, the differenee@f >
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Fig. 5. Carrier-to-interference rati@’(I) versus the angular separatiép,
for a single site and the corresponding double-/triple-site diversity systems

Fig. 4. “C/I" diversity gain versus separation distance for a dou- i der th in-fad diti The oth : .
ble-/triple-site diversity system in regard to the corresponding single sfperating under the same rain-fadé conditions. 1he othér parameters are.

system for various differential anglég = 4, 6, and8°. The other parameters Location: Georgiaf = 19 GHz, conditional probability: 0.01%.
are Location: Georgiaf = 19 GHz, conditional probability 0.01%.

. . L ) _for double-site and
diversity gains is always quite smaller than the respective
< S i 1 H O O
value of the< C/I> gain concerning the double-site system. — ) (p%) = | — — 74 (p%) (43)
Consequently, it seems to be a relatively little benefit to triple- I I/ om
over double-site diversity, but more about this matter will bg,, triple-site diversity systems, respectively.

discussed later. _ _ In Figs. 5 and 6, the/I)(p%) versust, for an interfered
~ Some other sets of curves which the system designer woultktem operating under the same specifications as before, using
like to see concern the effective carrier-to-interferen€elY  giso double- and triple-site diversity protection are presented.
versus Fhe angglar'separatl_ég] of t'he two satellites. Fpllow— As may be seen, the difference @¥/{) (in decibels) between
ing basic satellite link considerations [11], th€/() ratio of 4 {iple- and the corresponding double-site diversity with
an earth-space system interfered by an adjacent satellite, undgpect to the same differential angle is always quite small
clear-sky conditions, is given by in comparison with the difference between the latter and the
C single-site system. This is in absolute agreement with the
<_>mm =EIRP,(dBw) — EIRP, (dBW) + G(dB) remark reported above concerning the relatively little benefit
— (32— 25 log 64) (40) to triple- over double-site diversity. _

_ _ _ _ . On the other hand, one could argue that the need for using
where EIRR is the equivalent isotropic radiated power of triple-site diversity protection for a noise dominant system
interfered satellite5; in the direction of interfered earth stationjg imposed from the reduction of the very large possible fade
E. Moreover, EIRE is the equivalent isotropic radiated powemargins. In addition, it can be observed that the relatively
of interfering satelliteS; in the direction of interfered earth small difference of /1) results to a remarkable, in some
station £ and G is the on-axis received antenna gain of thgases, difference of angular separations between the satellites.
same station. The carrier-to-interference ratio under rain fadifgis would be a very useful extract toward the establishment

conditions is now expressed as of the minimum separation between satellites operating under
C\, . Jio permitted interference levels.
T (p%) = T —75(p%) (41) To be more specific, we take as an example an interfered

. - stem located in Georgia (see Fig. 5). If our goal is the
wherep% is the percentage nonexceedance conditional proiy gia ( g.5) g

. S X ) . X _estimation of an upper angular threshdg,, so that the
ability an_d7s IS _the corresponding d|ffer_ent|al_ rain attenuat'o%perating system violates the specified interference tolerance
for the single-site system, under consideration.

In a similar way and assuming balanced diversity s Stemcsonditions, we can see the following.
imiiar way uming Iversity sy 'For an allowed level less than 20 dB, tl#e, for the

the 1) 2; a multlpls %'.\I/.?rs'ty sybstem, with r(;spect Q% single-site system can be found to be less tharfiod 0.01%
nonexceedance probabiiity, can be expressed as nonexceedance conditional probability, whereas the double

¢ ¢ and triple diversity protection systems gidg, of the order
Vi) = { =2 — ! (% 42 y P Yy give,
< >(p 2 < )nom ra(r%) (42) of 2° and even more.
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40.00 Q ciimatic zone adopted. The numerical results refer to communication systems
Conditiondl Prababiity 018 " located in Georgia and somewhere in the tropical regions,
cloar sky _taken as mtende;d, for various locations of a flct_ltlous p_oten_tlal
00000 single site interfering satellite. Some very useful remarks in the direction
gooun double site . . .
aaaas friple site of a beneficial satellite design process can be deduced and are
summarized here. AC{/I) diversity gain for the triple system
is first defined. As may be observed, the triple-sie/(
diversity gain is always greater than the respective double-
site (C/I) gain, their difference being more significant for
large values of the differential angle and for lower conditional
probabilities.

Further, it seems to be a relatively little benefit to triple-
site over double-site diversity in association with the observed
difference of C/I) gains. However, the examination af'i{{)
versusd, diagrams reveals that the relatively small difference
of (C/I) between a triple- and a double-site system, results

N generally to a remarkable difference of angular separation

" 0.00 2.00 4.00 6.00 8.00 10.00 between the satellites.
Angle (deg) As a general and aggregate conclusion, it can be deduced
Fig. 6. The same as before but f@r climatic zone and conditional prob- that alt_hOUQh the tr_lple-5|te diversity is |mposed_ due to 'Fhe
ability 0.1%. necessity of reducing the very large attenuation margins,
additive benefits could be provided. The angular separation

) . reduction between satellites in geostationary orbit seems to
For allowed levels greater than 20 dB, the single-site systgfg qite significant, in some cases, permitting the operation

presents values @iy, much greater than T0while thedy..  ithout violating the specified interference levels.
for the diversity protected systems range betweerf 2Mdre

particularly, the effect of the triple in relation to the double-
site system becomes more significant for allowed levels greater
than 25 dB for the system under consideration. For example,
for an allowed level of 28 dB, thé,;, for the double site can The output of the triple-site earth-space system is coming
be found to be 65 while the triple site gives 4% yielding from the earth station with the least rain attenuation at each
an angular difference of the order of.2This difference is instant. The mathematical expression of this event is
estimated about 0°5 in case the allowed level is 25 dB, ]
leading for the triple-site system tof, value of 3.6. =05 <min(Ae,, A, Aey) <M. (A-1)

In Fig_. 6, nume_rical re;ults fpr a_similar interfered systern is clear that
located in the tropical region (climatic zokg® are shown. All
the above quantitative remarks seem to be valid but concerning Q= U Q U Qs (A.2)
a greater conditional nonexceedance probability (0.1% in this
case). This is quite acceptable by taking into account that twlere
tropical region is characterized by climatic zones of highest(), — (0.5 < A, < M, A., < A.,, A, < Ag,)
intensity ramfalls and I|_m|ted_ spa_t|al e_xten5|on. Q= (0.5< Ay, < M, Ay, < A, A, < A.) (A.3)

In conclusion, the triple-site diversity system although is 3
imposed due to the necessity of reducing the large attenuatiof?s = (0-5 < Ac, <M, A, < Acy, Ac, < Ag,)
margins leads also to a significant, in some cases, reductiorygf
the angular separation between the satellites without violating
the imposed specifications for the permitted interference levels. Q, ﬂ Q=0 i, j=1,2,3,i#j (A.4)

35.00

TN
m 30.00

¢/l (d

25.00

20.00

vy by e bvo v beaaa e braa it a s eal

APPENDIX A
DERIVATION OF THE EXPRESSIONS(1)—(3)

V. CONCLUSIONS Now, taking under consideration (A.2) and (A.4), one gets

Differential rain attenuation is considered to be one of the P(Q) = P(Q) + P(Q2) + P(Q3). (A.5)
main interference propagation effects between adjacent earth-
space paths. In this paper, a previously developed system&#ing the occurrence of2; event the whole system suffers
procedure for the prediction of differential rain attenuatiofy interference when(C/I); < r, i = 1,2,3. The latter
valid for single-/double-site systems, is properly modified tBrobability can be formulated as
include the case the intended satellite signal is received by C
using a triple-site diversity protection scheme. The extended £ = P<<—>
method is based on the convective rain cell model and is
quite flexible to be applicable to any location of the world\s a result of the above, the percentage of the time that the
that the lognormal form for the rainfall distribution can beriple-site system is interfered under the condition of operation

< Q) i=1,2 3. (A.6)

T
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is = / dul / dUQ/ du?,
P1+P2+P3 UL U2

P= A7 -
P(Q) 4+ P(Q) + P(Q3) A7) Soivsvu, (v, wa, us, us) (B.9)
Ulp oo oo
which is (1) of the main text. = / dus dul/ duQ/
ULk U3 oo
APPEND|X B flflllele’(i U’l U’27 U’37 U’G) (Blo)
EVALUATION OF THE PROBABILITIES IN EXPRESSIONS(16)—(21) - /ulp duy /Oo duQ/ dus
As pointed out in the main text, the joint exceedance too “ “1
probabilities under consideration can be calculated as fglbzbs w1, Uz, u3) (B.11)
M cos ¢1 =) =) /UOO du?/ dul/ dU,3
Pi= /wt 1 /yl Ay /yl s S (s, w2, us) (B.12)
; Uip
. /(COS @2/ cos @1)y1—r’ cos ¢z PG — / dU3/ dul/ dUQ
woo
far a,ar an (Y 2, U3, ya) dys (B.1) v (ur, g, ua). (B.13)
Py = /M o dus /Oo dus /Oo dus The definition ofus , w1, oo, us; iS given in the main text.
o R P Now using the Bayes theorem, the joint density functions
/(COS @2/ cos w1 )ya—r' cos ¢ fUleUz Uy fUle UsUs» fUle UsUg» fUl U,U; Can be expressed
. as
Sag ag, a4 (1, Y2, us, vs)dys - (B.2) fuvevsu, (U, u2, us, ur)
M cos ¢1 oo oo = fU1 UsUs (U,l, U2, U,g)ka/Ul Uy Us (U,l, Uu2, U,g)
Py = / dyz/ dyy [ dy> k=4,5,06 (B.14)
Tt Y3 Y3
(cos @2/ cos @1)ys—r’ cos @2 fUl UaUs (U'lv U2, U'3)
/0 = fuu, (w1, w2) fu, yv,v, (U1, u2)
Fa, g a4, (W1 y2, vs v dys (B.3) = Juous (w2, us) fu, jv,v, (U2, us)
M cos g1 oo oo = fu,vs (v, ws) fu, v v, (U, us). (B.15)
fi= /05 cos o1 _s / dy2 / dys Substituting (B.14)—(B.15) into (B.8)~(B.13) and using the
Fag a4z, (Y1, y2, vs) (8.4) following result from the theory of normal variables:
M cos @1 / f 1|:e fC<A_m> efc<B_m>}
S T I —€r ——
PO B /0 5 cos 1 dy2 / dyl / dy3 i 20 20
Sag, ay,ar (s vz, us) (B.5) (B.16)
M cos ¢1 o0 o0 where f(x) is a normal density function with parameters
Fs = / ) dyz/ dy1/ dy> (m, o), one gets (25)—(30) of the main text.
05 cos @1 ys s The joint density functionsy, v, fu,us, fuivs, fonusus
fAélALZALS (Y1, y2, 43)- (B-6)  encountered in (25)—(30), as well as the analytical forms for

i, 05 (5 =1,2,3,4,5,6) can be defined as [12]
The parameters; in integrals (B.1)—(B.5) depends on the

2 2
considered value of’ [see also (23)]. fonv (ui w)) = 1 exp U uf = 205U
Adopting lognormal assumption (Section 1) and using the =~ 7"’ o, [1— p2 2(1-p;,.)
following definition for the normal variables o o
(6,5 =1,2,3,i#J) (B.17)
ln A, —ln A,,, . _ 1 1
i = T t=1,2,3 Jvvvs = W €xXp [—5 Z(u1, ug, uz)} (B.18)
In A/I —1In Amz (B7) = Pria — anlzpnzs Uy + Prniz — pn;zpnlz us )
Uj: . j=4,56 1_pn23 1_pn23
S (B.19)
o2 = L
we have ' ; - pézz p o — P p !
I,LQ — n121 — ;213 n23 ul _"_ n231 — pn/212 13 ug
P = / duy / dus / dus / no e (B.20)
Utk o'g =
- foivsusvs (U1, U2, w3, Us) (B.8) 1—p7,, /
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i3 = M L+ M "
1- Prys 1- Prys
(B.21)
9 D
o3 =——5—
1 - pn12

D = 1 - pilZ - p72’1/23 - p’IQ’ng + 2pn12pn23pn13 (822)

1
Z(u1, ug, ug) = 5[1411“% + Asous + Aszui + 241 Agusus
+ 2A13U,1U,3 + 2A23U,2U,3] (823)
_ 2 \
All =1- Pras
A2 = A21 = PrisPros — Prus
A13 = A31 :2 PrisPrss — Pngs (824)
App =1- Prg
A2z = A32 = Py Pris — Pros
Asz=1-p7 J

pr = E{up/u1, uz, us}

=ai1xu1 + a2kt + azkus (B.25)
O—l% = 1 - Z(pnlw pTsz7 pTLgk) (826)
A1 00y, Ar20n,, + A13png,
aik = D
o — A2pn,, + AQQDank + A23pny, (k =4, 5, 6).
_ Auapn,, + A2spng, + Aszzpn,,
askp = D

(B.27)

In the above expressiongs,,, is the correlation coefficient
betweenln A, , In A, , p,,, betweenln A/ , In A/ , and
pns DEtweenln A/, In A/ given by [9]

1+ o (55 —1)]
Sa

1
c3

(i7 ]’ = 17 27 37 Z #])
(B.28)
in terms of the path correlation coefficients; between the
same attenuationd’, , A’ , and A/ .
The path correlation coefficient;; can be expressed as
B H..
P4~ Hic

Pri; =

(B.29)

where the factoid;; has been evaluated elsewhere [10] and,

consequently, the results are only presented here

I({j
H;; = / (Lep — Kij + x)p(dij) dz
K;;—Lcp

Lep+Ki;
+ / (Lep + K — x)p(dij) dz (B.30)
K
dij =/ D}; + a2 (B.31)
K;; 21/5% _Di2j (B.32)
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is the distance between the projected slant radio patits
and E;5; [see also Fig. 1(b)].

In the same wayp,,,, is the correlation coefficient between
In A] , In A}, pn,, betweenln A) , In A}, and p,,,, be-
tweenln A, In A} . The same holds for the,,., pn.., Pnas
and pp,s, Pasr Pnge COITElating theln A, , In A, In AL
with theln A7, andln A7 variables, respectively. The above
correlation coefficients are given by the general formula

tn[ 14 gy [ (e - 1) (52 - 1) |

Sa,-Sa,
(i=1,2, 3andk =4, 5, 6)

Py =

(B.33)

in terms of the corresponding path correlation coefficignts
The latter coefficients can also be expressed as [10]
=0

Pik = ﬁ

Analytical presentation of the factois;; can be found in
Appendix C.

(B.34)

APPENDIX C
FACTORS H;;,
Following their definitions the factord?;; (¢ = 1,2,3,
k = 4,5,6) can be defined as follows [see Fig. 1(c)]:

Lep Lip
Hu= / dz/ d p(z, 2') (C.1)
e} e}
D +Lin D4 Lo
Hyy = dz' dzp(z, 7/) (C.2)
Dy DY
D§§>+L1D D§§>+L0D
Hyy = /DU) d+ /Dm dzp(z, 2')  (C.3)
13 13
D +Lip DY +Len
Hys = dz' dzp(z, 7)) (C.4
15 /Dg) /Dg> oz 2) (C4)
Lep Lip
Hyy = / dz/ dz p(z, 2') (C.5)
e} e}
[ YSUNE PP+ Lep
! !
Hyy = /D(1> dz /})(2> dzp(z, 2') (C.6)
23 23
D§?§>+L1D D§§>+LC'D
Hig :/ dz’/ dzp(z, 7') (C.7)
Dy Dy
[ I SUNE DY +Lep
Hys = dz’ dzp(z, 2 C.8
26 /D;? /D;? p(z, 2') (C.8)
and
Lop Lip
Hse I/ dz/ d2'p(z, 2') (C.9)
wherep(z, z') denotes the spatial correlation function and is a

function of the distance(z, ') = V22 + 2/2 — 222’ cos AV

and p(d;;) is the correlation coefficient between the rainfalbetween two points belonging to the projections of the slant

rates with respect to points been at a distamnge [see
Fig. 1(b)], and given in (15) of the main text. Moreoveé?;;

paths under consideration, wherea% is the projected dif-
ferential angle.
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The Iengthstf) (=127 =23i<j £ =1,23,4) [12] A Papoulis,Random Variables and Stochastic Processdgew York:

are given by the following expressions:

[13]
D;; \
pY T _p
i Sin A\I/ 1D [14]
& _ Dy _ Lep + Ky [15]
v tan AW *
C.10
p® —_Dii (€19
v sin AW (16]
@ _ Dy -~
i e A T ) 7

wherew;; is the orientation angle betwedry and E; earth-

McGraw-Hill, 1965.

J. D. Kanellopoulos and S. G. Koukoulas, “Prediction of triple-site
diversity performance in earth-space communicatiah,Elect. Waves
Applicat., vol. 4, no. 4, pp. 341-358, 1990.

R. K. Crane, “Prediction of attenuation by raidZEE Trans. Commun.,
vol. COM-28, pp. 1717-1733, Sept. 1980.

CCIR, “Propagation data and prediction methods required for earth-
space communication systemit. TelecommunRep. 564-2 (MOD F),
Doc. 5/1040-E, Union, Geneva, Switzerland, 1985.

S. H. Lin, “A method for calculating rain attenuation distribution on
microwave paths,’Bell Syst. Tech. Jyol. 54, no. 6, pp. 1051-1086,
1975.

J. D. Kanellopoulos and S. G. Koukoulas, “Analysis of rain outage
performance of roule diversity system$&adio Sci.vol. 22, no. 4, pp.
549-565, 1987.

terminal stations [see Fig. 1(d) for;; < 90° and Fig. 1(e)
for w;; > 90°].
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