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RECOMMENDATION ITU-R S.736-3"

ESTIMATION OF POLARIZATION DISCRIMINATION IN CALCULATIONS
OF INTERFERENCE BETWEEN GEOSTATIONARY-SATELLITE
NETWORKS IN THE FIXED-SATELLITE SERVICE

(Question ITU-R 42/4)
(1992-1994-1995-1997)

The ITU Radiocommunication Assembly,

considering
a) that more than one geostationary-satellite network in the fixed-satellite service (FSS) operates in the same
frequency band;
b) that interference between networksin the FSS contributes to noise in each network;
C) that it is necessary to protect a network in the FSS from interference by other such networks;
d) that the detailed estimation of mutual interference between satellite networks, due to increased orbit occupancy

requires more accurate values of polarization discrimination, resulting from the use of different or identical polarizations
by wanted and interfering systems;

€) that the use for actual coordination requirements of the values of polarization isolation factors in Appendix 29
to the Radio Regulations, would not provide a precise estimation of polarization discrimination in the calculation of
actual interference margins,

recommends
1 that, to estimate the polarization discrimination between two satellite networks, the method described in
Annex 1 should be used.
ANNEX 1
Estimation of polarization discrimination
1 Definition of the polarization of a wave

Polarization is defined as a vector of the electric field wave which islocated in a plane orthogonal to the direction of the
wave propagation.

Generally, this vector describes an ellipse. Two particular cases arise, firstly circular polarization where the two axes of
the ellipse are equal, secondly linear polarization where one of the axesis zero.

If the radiated wave is linearly polarized, two orthogonal polarization planes exist, each polarization vector keeping a
fixed direction. The polarization plane, for a linearly polarized wave, is the plane containing the direction of the wave
propagation and the polarization vector.

If the radiated wave is circularly polarized, right- and left-hand rotations exist.

2 Definition of polarization angle and of relative alignment angle

The polarization angle € is the angle between the vertical plane including the propagation direction (pointing of the earth
station towards the satellite) and the polarization plane of the linearly polarized wave transmitted by the satellite or by
the earth station pointed towards the satellite.

*  This Recommendation should be brought to the attention of the Radiocommunication Working Party 10-11S.
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Therdative alignment angle B is, in linear polarization, the angle between:
— the planes of polarization of the wanted and interfering sigagiseb) (see Appendix 2);

— or the plane of polarization of the received signal and the plane of polarization of the receiving antenna (see
Appendix 1).

In the co-polarized case, the anflles given by:
B=r1-e0+9
with:
o: tolerances.

For calculation of the anglg¢sande, see Appendices 1 and 2.

3 Definition of polarization decoupling ratio and polarization discrimination

The ratio of polarization decouplirigy,(¢) of an earth station or a satellite antenna is the ratio of the field component in
the wanted polarization to the field component in the orthogonal polarizégtienthe angle between the directions of
wanted and interfering signals.

The polarization discriminatio¥ (factor of polarization/isolation) of a receive antenna is the ratio of the received power
of the two waves of different direction and polarization.

It should be noted that, if the interfering or the wanted network (or both of them) operates a set of transponders on one
polarization, and a set of co-frequency transponders on the orthogonal polarization, then it is not valid to include the full
polarization discrimination in calculations of interference between the two networks. The degree of such discrimination
will depend on the extent of the overlap of the pass-bands of transponders in one network with those of the other
network. In the worst case, i.e., when the transponders of the two networks are exactly aligned in frequency and
bandwidth, no inter-network polarization discrimination should be included in interference calculations between the two
networks.

4 Calculation of polarization discrimination, Y, in linear polarization

4.1 Calculation of polarization discrimination, Yg, in the down-link

The purpose of this calculation is to determine, in the case of a wanted receiving earth station, the discrimination with
respect to an interfering wave. Earth-station radiation patterns have been established for co- and cross-polarization
planes using experimental data.

The polarization angles are calculated for wanted and interfering signals using the coordinates of the two pointing
directions of wanted and interfering satellite antennas and the coordinates of the reference earth station.

The derived value of discriminatioyy takes into account the co-polarized wave coming from the interfering satellite,
received by the earth-station receiver (co-polar&gg) and cross-polarize8l,(d) patterns).

The cross-polarized wave coming from the interfering satellite intercepted by the co-polarized pattern of the station is
also taken into account. However, the additional isolation afforded by the ratio of crossed polarization
transmit-to-crossed polarization receive may be neglected.

Y4 = -101og (cos2p + sin2p - 100P@D10 4 girpp . 10Dpsat/20) dB )

where:
Op: topocentric separation between satellites
Dp(9p):  polarization decoupling of the wanted earth station:

Dy(®) = Auldp) — Adldp) dB

Dpsat: polarization decoupling (dB) of the interfering satellite in the coverage area where the wanted station is
located.
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4.2 Calculation of the polarization discrimination, Yy, in the up-link

The purpose of this calculation is to determine in a similar way to the preceding section, for a receive antenna of the
wanted satellite, the discrimination Yy, with respect to an interfering wave.

Y, = -10log (cos2 B + sin2 - 10PpWN10 4 gip . 107Dpst/20) dB @)
where:

Wp: angle between the main radiation direction and the direction of interfering earth station

Dp(Wp) : polarization decoupling of the wanted satellite:

Dp(Wp) = Si(Wp) — Se(Wp) dB
Syand Sy:  co-polarized and cross-polarized patterns of the wanted satellite antenna
Dpst: polarization decoupling (dB) of the interfering earth station.
5 Calculation of polarization discrimination, Y, in the case of two polarizations. one

circular, theother linear

In the case of an interfering wave in linear polarization (the linear polarization vector can be derived from two circular
polarization vectors, right- and | eft-hand rotation), the discrimination obtained at the receive wanted antenna operating in
circular polarization can be expressed in away similar to the above:

Y = -10 |og% (1 + 100p(®)/20) dB 3)

where:

Dp(9):  polarization decoupling of the receive antenna (dB).

Similarly, in the case of an interfering wave in circular polarization (the circular polarization vector can be composed of
two orthogonal linear polarization vectors), the discrimination obtained at the receive wanted antenna operating in linear
polarization is described by the same formula.

6 Application to actual cases

From the above relationships, the calculation of the polarization discrimination in various cases permits estimation of the
improvement obtained in interference calculations. In particular the use of a polarization orthogona to the one of the
interference, may be considered. These relationships do not take into account the effects of propagation conditions on
the signal polarization plane; these are included in Appendix 1.

7 Orientation of polarization planes

It is possible to orient the polarization plane of a receive (linearly polarized) satellite or earth-station antenna for two
different optimum conditions, one to minimize clear-sky interference from an orthogonally polarized signal and the other
to minimize the effects of depolarization due to rain. The means of calculating the optimum alignments in the two cases
are described in Appendix 1.

8 Depolarization dueto rain (see Appendix 3)

After atmospheric propagation, a wave in a given polarization (linear or circular) does not keep this polarization,
because of the Faraday effect by the ionosphere and the cross-polarization effect by the troposphere. The area concerned
is the radioelectric area from about some tens of megahertz to 50 GHz. Cross-polarization is the fact that part of the
energy transmitted in a polarization is found in an orthogonal polarization after propagation.
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The troposphere (non-ionized atmosphere) goes from the ground to about 15 km altitude and may create a cross-
polarization of waves in the following cases:

— clear air effect (reflection phenomenon): the effect is small on oblique links;

— ice crystals effect: this effect becomes evident on satellite links and is due to the refraction of waves in altitude on
the ice crystals, partially changed into liquid water (isotherm 0 °C). This cross-polarization can be very constricting
because there is no attenuation;

— precipitation effect: the drops of rain can create, because of their non-spherical shape, a wave in the orthogonal
polarization.

The effects of rain and ice crystals are dependent on the climate. The effects of drops of rain are studied for the satellite
links in Appendix 3.

APPENDIX 1
TO ANNEX 1

Optimization of polarization orientation

1 Simple model of a satellite-to-Earth link

Depolarization effects on satellite-to-Earth (or Earth-to-satellite) links have been extensively analysed and mathematical
procedures which take into account all known contributions to depolarization have been formulated. These procedures
are, however, extremely complex and cumbersome. A simplified model, suitable for use in a first-order analysis of
interference has therefore been devised which uses the concept of equivalent gain of a partial link (i.e. either the
Earth-to-space or the space-to-Earth connection).

The equivalent gain (as a power ratio) for one partial link can be represented by the following approximation:

G Gl'CogB‘FGz'SiﬂB

G1=Gyp Gp A+ Gy -G A+ Gy -G A X+ Gy -Gp-A-X

Gy

%/GtC-GrC-A +\/GtC-Grp-Ag+th-Grp-A-X+GtC-GrC-A-X (4)

where:

B: relative dignment angle, for linear polarization, between the received signa polarization plane and the plane
of polarization of the receive antenna

Gp: co-polar gain characteristic of the transmit antenna expressed as a power ratio (Recommenda
tions ITU-R S.465, ITU-R S.580 for earth stations and Recommendation ITU-R S.672 for satellites)

Gic: cross-polar gain characteristic of the transmit antenna expressed as a power ratio (Recommenda
tion ITU-R S.731 for earth stations)

Grp: co-polar gain characteristic of the receive antenna expressed as a power ratio (Recommenda
tions ITU-R S.465, ITU-R S580 and ITU-R S.672)

Gyc: cross-polar gain characteristics of the receive antenna expressed as a power ratio (Recommenda-
tion ITU-R S.731 for earth stations)

A: rainfadeasapower ratio<1
X:  rain depolarization as a power ratio <<1.
The following sections give derivations for the angle, [3, for the two scenarios:

— polarization aligned to minimize effects of rain fade, and
—  polarization aligned to minimize interference.
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Using the equivalent gain concept, the wanted carrier power, C, or the single-entry interfering power, |1, on each partial
link is simply given by:

C(orl) =Py — Lgg — Lca + 10log G aBw ()

where:
Pr:  wanted (interfering) transmitting antenna power (dBW)
Lrs: free-spaceloss on the wanted (interfering) link (dB)
Lca: clear-air absorption on the wanted (interfering) link (dB)

G: equivalent gain on the wanted (interfering) link (dBi).

2 Polarization orientation to minimize interference dueto rain depolarization

As illustrated in Fig. 1, the apparent polarization plane at the Earth’s surface is a function of the geographical
coordinates of the boresight, the test point under consideration, and the satellite. The following formula for this
polarization angle can be used:

sinyy, - cosyy, - sin()\p - }\s) — cosyy, - siny, - sin()\b—)\s)
tane = (6)
siny, - sing, + cosyy, - cosyy - sin()\b - 7\5) . sin()\IO - )\S)

where:
P: latitude
A longitude
b: boresight
p: test point
s: saelite.

In the above, it is assumed that the polarization plane is optimized for minimum rain fade at the boresight, i.e. aligning
with either the local horizontal or the local vertical. In functional form, equation (6) may be rewritten:

g = f(Wp Ap Wp A Ag)
To determine the interference component at test point, p, the difference in polarization anglesis required.
Thus, if the wanted and interfering signals are “co-polar”, the afgir,equation (4) may be expressed as:
B=rF1 - €0+ ()
where:
g1 = f(Wpy Aoy Wps Aps As))

&2 = f(wbz’ Ap, Wp, Ap, )‘32)
b,: boresight of wanted satellitg

b,: boresight of interfering satelli®

0: allowance for mis-alignment of earth-station antenna and rotational tolerances of satellite beams.
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If the wanted and interfering signals are “cross-polar” the gbigie the worst case, is:

T
Bx =%~ [F1- €01~ 9 (8)
Under some circumstances the distinction between co-polar and cross-polar may be academic. Thus for the purposes of
this analysis the following definition will be assumed:

— if both wanted signals are aligned to the respective local horizontals or both are aligned to the respective local
verticals, they will be considered co-polar.

FIGURE 1
Variation of received angle of polarization on the Earth
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3 Polarization orientation to minimize clear-sky interference

Minimum interference occurs when the polarization planes at the satellite orbit are orthogonal, i.e. when the polarization
planes are either in the equatorial plane or in the plane of the Earth’s North-South axis. The following formula for the
angle of polarizatiorg’ , can be used when the polarization vector of the transmitted wave is parallel to the equatorial

plane:
oS ()‘ - As) o'sné
e = gy \/ st ©

Cos& = cos ()\p - 7\5) - cosp,

a': radiusof earth divided by radius of orbit ~ 0.151.
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Thus, in functional form:

e = 9(Wp Ap As)

When the wanted and interfering signals are “co-polar”, i.e. when both have polarization planes parallel to the equatorial

plane or when both are perpendicular to the equatorial plane, the relative faniggdween wanted and interfering
polarization planes is given by:

B=rF-en+?d (10)

where:

&1 = d(Wp Ap Asy)

&2 = g(Wp Ap As)

s1:  wanted satellite

sy interfering satellite.

Similarly when the two signals are cross-polar, the relative ghgkegiven by:

N|:1

Bx=2-C1-e&0-9 (11)

The variation of' is given in Fig. 1.

APPENDIX 2
TO ANNEX 1

Calculation of polarization angle and relative alignment angle

1 Calculation of polarization angle € of awave in linear polarization

11 Definition of orthonormal coordinate systems (see Fig. 2)
The orthonormal coordinate systems used are the following:

— the base Earth-centre coordinate system Ry: (ig, \?g, fg): Zg is directed to the North anﬁg in the equatorial
plane is determined by the directi@®, G is the Earth centre and the origin of the system and S the satellite;

— the coordinate system Rg connected with the satellite S. (7(5, \73, Zs): Zs = —)?g and \75 is directed to the East in
the equatorial plane;

— the coordinate system R, connected with the antenna A of satellite S ()Za, \7a, Za): Za is directed to boresight Pv
and ?a is directed to the East in the equatorial plane;

and the system Ry(y) linked with the polarization vector of the antenna A of satellite S

()za(y), ?a(y), Za): the transformation from coordinate systBmginto coordinate systeiR,(y) is made by a rotation

(-y) around Za. That axis\?a(y) is located in the plane of symmetry of the reflector of antenna A and defines the
direction of the linear main polarization of antenna A for a propagation direzgidm. towards the boresight Pv of

the antenna A of satellite S;
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— the coordinate system Ry, connected with earth station P and satellite S on which is connected the earth station:
(ip, \?p, Zp): Zp is directed to satellite S arffb is directed to the left of an observer who, placed at station P, faces
at satellite S: directiorf(p is \7ert(P) n Zp;

\7ert(P) = GP gives the direction of the local vertical on the Earth at earth station P

Vert(P) = %{ cosPp cos(Ap — Ag); Ry cosyp sin(Ap — Ag); R sianpEin systenRy

hence:

% = (Vet®)~ Z) [ [[Vet®) ~ ]| = P~ P§ [ |Gk S|
Yo = Zp™ X%

Z, = PS [ ||PS||with PS = h X, — GP

Parameters and notations are as follows:

index 1: wanted satellite;&nd earth station,P
index 2: interfering satellite;Sand earth station,P
indexd: down-link

indexm: up-link

Pv: boresight of the antenna A of satellite S
P any point on the Earth
R:: radius of the Earth: 878 km
h radius of the geostationary-satellite orbit (GS0O)182 km
k GSO radius divided by radius of the Earth
= 6.62= h/R
Wp: latitude of earth station P
Ap: longitude of earth station P
Wpv: latitude of boresight Pv
Apv: longitude of boresight Pv
As: longitude of satellite S
Op: geocentric angle ASGIangIe at the centre of the Earth between the sub-satellite point and earth station P
y: inclination angle of the ellipse of the satellite antenna coverage pattern: angle between the equatorial

plane and the polarization vector (or direction of the ellipse major axis), in the plane perpendicular to the
main radio axis, and is chosen to be positive for the trigonometric direction from the equator towards the
ellipse major axis

o: allowance for mis-alignment of earth station antenna and rotational tolerance of satellite beams
(Y, 8, (@ —V)): Euler angles appearing in the transformation madrikrom systenRg to systenRy(y)
N cross product

|l Z||: magnitude of VeCtoF .

1.1.1 Vectors

1.1.1.1 The direction of the local vertical of an earth station at any point P is expressed in the base earth-centre
coordinate systerRg by:

\7ert(P) = %t cos Yp cos ()\p - 7\3); Ry cosyp sin()\p - )\S); R sianpH
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11.1.2 The unit vectors coordinates of the orthonormal system R, of earth station P are expressed in system Ry as
follows:

Zp = # - R coswp cos(Ap — As): R cosyp sin(Ap - As); R sinpr/ |[normZp||

with:

InormZ, |l = (2 + R - 21 R cosop)”

X = [8 R sinyp —Re cosyp sin()\p - )\S)E/ [InormXs ||

with:

[InormXo|| = (R sin©]
Yp = RE R (k — cosdp) coswyp sin(Ap — As); R? (k — cosip) sintppH/ |[norm Y|
with:

[l norm¥, || = RZ neg1 (sn2@, + (k — cos9p?) ™
with:

c0s@, = cosy cos(Ap—As)

1.1.13 Direction satellite-station SB represented by vecterzp and its coordinates are expressed as follows:

— in base earth-centre coordinate syskym
(-2) = [*g Yo 2]
(h R cosmpp cos Q\p—)\s))H
adafllz ]

— in satellite systerRg:

(h2 + R¢ — 4 R cos©p)™?

(-2) = [Xs Ys 2| = [Z5 Yo ]

B0 O 30 00 010 Bhll
(-25) = DYs[J= (g = 73 x 3) Yg[J= [Jo 1 o[].. Y[
(201 [0 [2,0] [0 0o o[] [Z[]

with T (3 x 3) the transformation matrix between systems Ry and Rs

— in antenna systeRy(Y):

(-Zp) = [xalv): Ya(): Ze]

. a1 [Xs ]
(-Zp) = D [J= M3 x 3) (Ys[]
[Za [] [Zs[ ]

with M (3 x 3) the Euler transformation matrix between systems Ry(y) and R,
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1.2 Particular case: the earth station isat the boresight: P = Pv
121 Definition of main polarization of alinearly polarized wave transmitted from a satellite antenna A

In this particular case, the planes of the antenna of earth station Pv (ipv, \?pv) and of the satellite antenna A (>Za, \?a) are
parallel, polarization vector \7p0| isparallel to the plane of GSO and is directed towards the East, i.e. normal to Za and Zg
therefore:

Za = =Zpy = (h Xg + Vert(Pv)) / ||n Xg + Vert(Pv)|

with:
”—h;{g + Vert(Pv)|| = (h2 + R - 2h R cossG)p\,)ll2
Voo = Za® Zg= (11 ||Za~ Zg]l) - [R coswpy — sin(Apy — AQ; h — R cos@py; 0]
in system Ry
with:

COS Opy = cos ()\pv - )\S) oS Ypy
122 Approximate definition of polarization angle in the system Ry, of a receiving earth station at bore-

sight Pv: determination of polarization angle of a linearly polarized wave transmitted from a satellite
antenna A

The approximate polarization angle is defined in system Ry, by:

arc tan %\_/})cﬂ . ?pv) / (\7pol : ipv)é

m
1]

(12a)

arc tan %sin Aov — A9 [ tanwpy) (1 + sn?©py [ (k - cos G)pv)z)ﬂz%
Vectors \7po|, )?pv and \7p\, must be expressed in the same system.

Taking into account the angle y characterizing the polarization of the transmitting satellite antenna, the value of the
polarization angle may be expressed as:

ely) =€ +y (12b)

1.3 General case: the earth station isdistinct from the boresight: P # Pv

131 Definition of main polarization and cross-polarization of a linearly polarized wave transmitted from a
satellite antenna A (see Fig. 2a)

The electric field E(P) is defined in the antenna system R, of satellite S. The most used definition is the third definition
of Arthur C. Ludwig for a wave transmitted by an antenna. The main polarization and cross-polarization components
Ep(P) and E¢(P) at any point P are expressed as follows:

Ep(P) = E(P) : (é’z) . main or co-polar polarization

E«P) = E(P) - (é+) : cross-polarization
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1.3.1.1 The definition used is the third definition of Arthur C. Ludwig: The expressions of vectors ( e :) and ( e +)
of linear co- and cross-polarization, in any point P, for a wave transmitted from the antenna A of satellite S are the
following in the case of alinearly polarized field parallel to ?a:

(")

Sinda - €ga + COSha - €pa INRy: polarization vector

(é*) = cospa - €ga — Sinda - €pa . cross-polarization vector
with:
- (éea and §¢a): usual unit vectors of spherical coordinates in antenna syR&tem
(éea) = Eosea cos ¢4, COSO, Sindg — sineaE in Ry
(écba) = %Sinq)a; cosdy; OE inRy
— (85 and ¢,): angles for determining direction S& vector ip (satellite S — any earth station P) in antenna
systemRy;
@a; ¢aE= %rc CosZy, arctan (Ya/Xa)Ein Ra
Xa» Yo @andZg are the components of vectoi-p in antenna systeiR,
therefore:

~ 0sd, sing, (cosBy — 1 0sda sind, cosBy — sing, cosdg
'(_R? _) = =ik d, cosb, + coF hy —= Sindy sind, cosby + cosp, Cosha
N Ra sind, sind; B sind, sinBy E

1.3.1.2 Inthe case of an inclination y between the equatorial plane and the ellipse major axis of the antenna radiation
pattern of satellite S in the plane perpendicular to radio axis (axis Za or direction SFV), the definition of main
polarization vector stays similar but must therefore get its direction in comparison with the direction of linearly polarized
field paralel to \?a(y) of antenna system R(Yy) and not as ?a of antenna system R,.

The definition of new polarization vector ( € =(y)) is deducted from a rotation f}-around Za:

Sin(da+y) - €ga + cOS Pa+y) - €pa

(&700)ra
(87)ka

Mza (%) - (&) ragy
with:

- (éea and éba): usual unit vectors of spherical coordinates which are allowed to be also expressed in antenna system
Ra(Y):

Bga = [COS B, COS (Pa+Y); COSBa Sin(Pa+Y); —SiNBg) in Ra(y)

- [—sin ®a+Yy); cos ha+Vy); 0] in Ra(Y)

_et‘_Dl
)
|
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- (ea and¢a): angles for determining direction $&uatellite S — any earth station P) in antenna syRigrtherefore:

. [[dosBa cosda sin(Ppa+Y) — sinda cos a+V)[ |
(e _(V)) =~ [dos6y singa sin a+y) + cospa cos fpa+V)[]

inRa [F sinB; sin a+Y) i

and

i [osBa cos Ba+Y) Sin Ga+y) — sin a+y) cos ba+y)[]
(87%) = [Qosea sin Ga+y) sin @a+y) + cos ba+y) cos ba+y)[]
in Ray) [ sin6; sin 4 +Y) []

- .
— Rotation matrixM_a(-Y) with rotation -y around axisZ, of systenmR, (direction SPv) which allows to go from
systemRy(Yy) to systenR, and is expressed as:

[ Jeosy siny O[]
Mz(-Y) (3% 3) = [ siny cosy 0[]= Mza(-)

[]o o 1[]

This rotation matrix Mz (—Y) expresses the change of the direction of the polarization vector of the antenna of satellite S
characterized by angle inclination angle between the equatorial plane and the ellipse major axis (elliptic radiation
pattern) in the plane perpendicular to the main radio axis, which is chosen to be positive for the trigonometric direction
from the equator towards the ellipse major axis.

Vector Za = (—2p\,) of systenR, is expressed in the base sys®gras follows:

Za: E—(h—Rt cosyp, COS ?\pv—)\s)); Ry cosWPpy Sin Qpy—Ag); Re sianpVE/ (h2 + R - 1 R cosPpy v2
with:

Xa» Ya andZg: components of vector ép) in antenna systeiR,

Xg Yg andZg: components of vector ép) in earth base systeRy

Xs=Zg, Ys =Yg andZs = —Xg: components of vector ép) in satellite systerRg

1.3.1.3 The Euler transformation matriM (3 x 3) from systenRg into systemR,(y) takes into account the Euler
angles (), 6 and ¢ —v)) defined as follows:

—  rotationy around Zs: transformation from systeR into intermediate systeRy: rotation matrixvi ()
(X, Y1, Z0) = (Xq, Y1, Z9 with: (X Ys, Z9 =Mg(W) - (X1, Y1, Zy) and Z; = Z

— rotation® around)zl: transformation from systeRy into intermediate systeRy: rotation matrixviy,(6)
(X2, Y2, Zo) = (X1, Yo, Zg)  with: (X1, Y1, Z1) = My(8) - (X2, Y2, Zp) and Xp = Xy and Zp = Z,

—  rotation(¢ —v) aroundzz: transformation from systeRy, into systenmR(y): rotation matrixMza (¢ —v)
(Xe), Ya), Za)  with: (Xa, Y2, Z3) =Mz(0 =) - Xa(¥), (Ya(y), Za) and Za(y) = Za

with:

= —arc coZpvs [ Zpva)

W = —sign(Wp) - [Arc cosps / (SN - Zpa) [ rnd

tang = —tany cosB
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Xpvas Ypva and Zpya: coordinates of boresight Pv in system R,

Xpvs: Ypvsand Zpys: coordinates of boresight Pv in system Rg

with:
Zoys = h — R cosypy cos()\p\, - )\S)

Zowa = R +RE- 1R cosWpy cos()\pv - AS)H” and

Ypvs = Ry sin ()\pv -~ )\s) Cos Ypy
Euler transformation matrix M (3 x 3) is defined as follows:
os P cos (d —y) —sing cosBsin @ —y) —cosPsin@—y)—sinppcosbcos p-y) sinBsiny E

M (3x3)= —siny cos ( —y) + cos cosB sin (p —y) —siny sin ¢ —y) — cosy cosB cos ¢ —y) —sind cosy
sin@sin @ —v) sinB cos ¢ —V) cos6 E

becausevl (3 x 3) = Mz() (3% 3) -Mya(8) (3% 3) -Mz(9) (3% 3) -Mz(-y) (3% 3)
=Mz(W) (3% 3) -Mya(6) (3% 3) -Mza(d —V) (3% 3)
[¢osy -siny O[ ][ O 0 []J[¢os¢ -sing O[][ kosy siny O[]

M@x3) = [$siny cosp O[]J[Q cosé —sin@[ ][ $sing cosp O[] [Isiny cosy O[]
[]o 0 1[]J[0 sine cosB[][]O0 o 1[][]o o 1[]

[¢osy -siny O[ ][} O 0 [J[¢osb-y) -sin@-y) O[]
M@x3) = [$iny cosy O[]J[0 cos® —sin®[][$in@-y) cosp-y) 0[]
[]o o0 1[]J[0 sine cos8[][] © 0 1[]

because

VrRs = M (3% 3) - VRa(y) and Vra = Mz (=) (3% 3) - Vra(y)
with vector V expressed in satellite and antenna systems R, R4 and Ry(y).

The rotation () due to the inclination angheof the elliptic coverage of the beam of satellite S is therefore taken into
account Euler transformation matik (3 x 3) which allows to go from antenna systBgfy) into satellite systerRg.

132 Precise definition of polarization angle in the system R, of a receiving earth station at any point P:
determination of the polarization angle of a linearly polarized wave transmitted from a satellite
antenna A

Therefore in the case of linear polarization parallel\?tg the components of main polarization vec(oé' :) are
expressed in systeRy by:

(éz) = [cosd)a sind, (cosBy — 1); si?d, cosBy + coF gy —sind, sinea]

The polarization angle is defined in system Ry, by:

£ = arc tanE[(éz) : ?p] [ [(&7) - ;(FJ]H (13a)
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Vectors ( e :), §<p and ?p must be expressed in the same coordinate system.

Taking into account the angle, y, characterizing the polarization vector ( € =(y)) of the transmitting satellite antenna, the
value of the polarization angle may be expressed as:

e(y) = actan {(&7w) - Y] / [(87W) - Xo]H (13b)

Vectors ( € =(y)), f(p and ?p must be expressed in the same coordinate system.

2 Calculation of relative alignment angle 3 for the linear polarization
21 Down-link case: reception by a wanted earth station P, (see Fig. 3)

Calculation, for an earth station Py, of the alignment angle between the signals coming from a
wanted satellite S; and an interfering satellite S,

211 Determination of linear polarization vector of a wave transmitted off-axis from the antenna A1 of
satellite S; to wanted earth station Py:

General case: the earth station isdistinct from the boresight: P41 # Pvy

Earth station P is pointed to satellite S; (characterized by its boresight Pv, and itsinclination angle y;
of itsdliptic transmitting beam)

Hypothesis of calculation: the on-axis receive linear polarization vector of wanted earth station P; is matched to the
off-axis transmit linear polarization vector [ €1, (y1)] of the wave transmitted by the antenna A, of wanted satellite S;.

2111 Cdculation of >Zp1, \?pl, Zpl in base earth centre coordinate system Rg;:

The coordinates of the unit vectors of the orthonormal base of system R of earth station Py are expressed in system Ry
asfollows:

Zy = % — R cosWp os(Ap1 — Ae1); —Re cosWpy sin(Apy — Aet); R sianpE/ |InormZ,4|

with:

llnormZpy|| = (2 + RZ = 2 Ry cos®p)¥2

Ro1 = [ R sinWp R cost sin dpa — A)H/ [[norm||

with:

[InormX4|| = |R; sin©p]

Voo = [R% R (kK — cos9y) coswp sin(Ap — Aq); RE (k — cospy) sianpE/ |[norm Y|
with:

|Inorm Yo || = RZ |sin ©pg| (82 ©p1 + (k — cosOp)2) V2
and with:

coSOp1 = COSWpy coS(Ap1 — As1)
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0 -
2112 Cdculation of $;P; in base earth-centre coordinate system Rg;:

O -
Direction satellite-earth station $1P; is represented by vector (— Zpl) and its coordinates are expressed as follows:

in base earth station syst&tg:
(-Zo) = [Xou Yori Zg1]

= [—(h —R; €osPp; €0S dp1 —As1)); R COSWp1 Sin Apg —Agy); Ry sin qul] / (2 + R? — " R, cosO; )12
in satellite systerRgq;:

(-Zm) = Pas Yo ZaH= Bow Yo XaF T(3%3) Plou Yo ZaH

in antenna systeRa1(Yy):

(_Zpl) = %al(yl); Ya1(YD); Zal(Vl)E =M1 (3x3)- %sl; Ys1; Zle

with M (3 x 3) the Euler transformation matrix between systBm$y;) andRg

and in antenna systeRy;:

(_Zpl) = %al; Yat; ZalE: Mza1 (Y1) (3% 3) '%al(w); Yai(Y1); Zal(Vl)E

with Mz1(—vy) (3 x 3) the rotation transformation matrix between systBméy;) andRga;.

2.1.1.3 Definition of linear polarization vector of a wave transmitted from the antenprmd gatellite $ to the wanted
earth station P

Vector[ €1, :(yl)] in according with the third definition of Ludwig, (the antenna of satellitbeng polarized parallel
to \7a1(y1)), is given by the following expression in systBxn(y;) (see Fig. 2a):

[€1, " (yD]ra1(y) = Sin(dar+Y1) - par + COS (a1 +Y1) - Eoa1

with:

(€gar@and §¢a1)1 usual unit vectors of spherical coordinates in antenna sYR{ein):

= [cos a1 cos (a1 +Y1); cOSOa1 SN (a1 +Y1); — SiNGa]

£
=
|

= [~ sin @ar +vy2); coS bar+vy1); O]

&
=
|

- -
(841 andd1): angles for determining the directiof% or (—Zpl) from S, to Py in systenRgy:
[Gal; ¢a1] = [arc C0SZg1; arctan (Yay/ Xal)] in Ra1

Xa1, Ya1 andZ,y: components of vectd-Zyy) in antenna systeRg;

vector[ €1, =(y1)] is expressed:

— in systenRg by Euler transformation matriMq (3 x 3) between systeni®y1(y1) andRg:

[ €1, :(Vl)] Rl = M1 (3%x3) [ €1, :(Vl)] Ra1(Y1)

— thenin systery;:

[61"0D]re = TGx3) [ 61 (0] ra
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212 Determination of linear polarization vector of a wave transmitted off-axis from interfering satellite Sy to
wanted earth station Py

General case: the earth station isdistinct from the boresight: P4 # Pvy

Earth station Py is pointed to satellite S, but also receives interfering emissions of satellite S,
(characterized by itsboresight Pv, and theinclination y, of itstransmitting eliptic beam)

The off-axis transmit linear polarization vector [ézu :(yz)] of the wave transmitted from interfering satellite S, is
calculated at first in system Ry, (according to the same method as from satellite Sy in system Ry;: see § 2.1.1).

Vector[ €51, =(y2)] according the third definition of Ludwig, (the antenna of satellitdb&ng polarized parallel to
\?az(yz)), is given by the following expression in syst&a»(y,):

[ 821, (V2] raztys) = Sin(da21+V2) - Epazt + COS Pap1 +V2) - Epart
with:

- (§9a21 and é’¢621): usual unit vectors of spherical coordinates in antenna sy&t(yp):

Baz1 = [COSBap1 COS (Pazy +Y2); COSOap1 SN (Gaz1 +Y2); — SiNBa1]

[ sin az1 +V2); cos Gaz1+V2); O]

€pazl

0 -
— (8521 andd421): angles for determining directionf from satellite $to earth station Pin Ry:

[9321; ¢321] = [arc COS Zg21; arctan (Yazl/Xazﬂ] in Ra2

= M. 0 -
Xaz1, Yaz1 @ndZ,p1: components of vectdr-Zpp1) = (SP1) / || (SP1) || in antenna systeiR,y

— then vecto[ €51, :(yz)] is expressed:

— in systenRg with the help of Euler transformation mathde (3 x 3) between systeni&y, andRg(Y»):

[ €21, “(v2)]re2 = M2 (3% 3) -[ €21, = (V2)]Raz(yy)
- insystenRy:

[ €21, “(vD]Rrg2 = T(3%3) [ €21, T (V2] re2

— thenis expressed in syst&g:

[ €21, 7(v2)] = HOS(ASZ_)\Sl) _Sin()\sz_)\Sl) OH- [ 821, = (v2)]

in Rg1 in ()\52 —)\31) COS(?\Sz —)\31) 0 in Rgp
H 0 0 1

213 Calculation of relative alignment 3 for the linear polarization in downlink: reception by wanted earth
station Pq (see Fig. 3)

Calculation for an earth station P, of the alignment angle between the polarization planes of signals
transmitted by a wanted satellite S; and an interfering satellite S,

Polarization anglesey, (Y1) and €21, (Y2) are expressed in system Ry, connected with earth station P, and wanted
satellite S; on which is pointed wanted earth station P; considered.
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2.1.3.1 Above calculations can be applied for the calculation polarization angle €1, (y1) of the wave transmitted with
polarization vector [ €1, (y1)] from the antenna A of wanted satellite S; characterized by angle y;:

e1 (y) = actan (€1, (vn) - Ypa] / [(81.7(vD) - Ym]H (14)
Vectors [ €1, (Y 1)] , >?p1 and Vpl are expressed in the same coordinate system Ry;.

2.1.3.2 Similarly for calculation of polarization angle €21, (y2) of the wave transmitted with polarization vector
[ €o1, (yz)] by the antenna A of interfering satellite S, characterized by angle y,, hence:

e21, (v2) = arctaf (€21, %(v2) - Ypu] / [(€21.7(v2) - Xa]H (15)
Vector [ €21, = (y2)] isinitially calculated in system Ry then in system Ry1.

2133 Polarization angles &1, (y1) and €21, (y2) being expressed in system Rpy;, connected with earth station P, and
wanted satellite S;, the value of alignment angle 3, isgiven in the copolar case by the following expression:

B, = Cex (yo) —e2 (y2U + 0 (see Note 1) (16)

2.2 Uplink case: reception by a wanted satellite Sq (see Fig. 4)

Calculation for a wanted satellite S; of the alignment between the signals coming from a
wanted earth station P1 and an interfering earth station P>

221 Determination of linear polarization vector and angle of a wave transmitted from earth station P; to
satellite $;

General case: the earth station isdistinct from the boresight: Py # Pvq

This earth station is pointed to satellite S; (characterized by its boresight Pv; and the inclination angle y; of its receiving
elliptic beam).

Hypothesis of calculation: the on-axis transmit linear polarization vector [ €1 (yl)] of the wave transmitted from the
antenna of earth station P, is matched to the off-axis receive linear polarization vector of the antenna of wanted
satellite S;.

The calculation of vector [é h:(yl)] from earth station P; to satellite S; is therefore expressed in system Ry
connected with the antenna A1 of the wanted satellite S, (which is pointing towards boresight Pv4) according to the same
method as for [ €1, =(y1)] in down-link (see § 2.1.1).

The polarization angle from earth stationi®given in systenR,, as follows:

ex (vp) = actan (€1, 7(yp) - Xaa] / [(€27(vD) - Yar]H
Vectors[ €1; =(y])] , >Za1 and \?al are expressed in the same system (Rg; for instance).

222 Determination of linear polarization vector and angle of a wave transmitted from earth station P, to
satellite S,

General case: the earth station isdistinct from the boresight: P, # Pv,

This earth station is pointed to satellite S, (characterized by its boresight Pv, and the inclination angle y, of its receiving
elliptic beam).

Hypothesis of calculation: the on-axis transmit linear polarization vector [ €o (yz)] of the wave transmitted from the
antenna of earth station P, is matched to the off-axis receive linear polarization vector of the antenna of satellite S,.
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The calculation of vector [é 21:(\/2)] from earth station P, to satellite S is therefore expressed in system Ry
connected with earth station P, pointed to satellite S, (which is pointing towards boresight Pv,) according to the same
method asfor [ €, ~(y2)] in down-link (see § 2.1.1).

The polarization angle from earth stationi®given in systenR, as follows:

g2 (v2) = actan (82 7(v2) - Yee] / [(82:7(v2) - Xe2lH
Vectors [ € - (yz)] , ipz and sz are expressed in the same system (Rp, for instance).

223 Determination of off-axis linear polarization vector and angle of a wave transmitted from earth
station P, to wanted satellite S;

This earth station P, which is pointed to satellite S, (characterized by its boresight Pv, and the inclination angle y, of its
receiving elliptic beam), transmits also interfering emissions to wanted satellite S; (characterized by its boresight Pv,
and the inclination angle y; of itsreceiving elliptic beam) (see Fig. 2b).

The off-axis transmit linear polarization vector [621T:(€2T (y2)] of the wave transmitted from the antenna of
earth station P; is given by the following expression in system Ry, (in this case of a linearly polarized field paralel

to Xpa (With Xpo = Rotzo(e2) (%)):
[ 8211 = (€21 (V2)] Rp2 = [ €21: 7 (e2)] Ro2 = COS Bp21 —€2) - Sap21 — Sin Bp21—€2) - Epp21
with: €21 (Y2) €2
with:
- (&p21: Eyp2,1): usual unit vectors of spherical coordinates in antenna coordinate $9gtem
Gop21 = [COSBpp1 COS Pp21; COSBp1 - SiNPp21; — SiNBp1]
&pe1 = [— Sindap1; cosdaz1; O]
—  (Bp21 anddppy): angles for determining directioDQﬁ from earth station fto satellite S1 ifR:

0 - 0 - 0 - O -
w058 = ((P25) - (P5)) [ (1P| - 1IPaSi 1) inReo

and . .
tandp2 = ((stl) : sz) / ((PZSL) : sz)
. . . O - - 0 -
—  Direction earth station-satellite® is represented by vectdi, = (P,S;) / ||P2S ||
- - = 0 -
Vectors Xgp, Yp2, Zpp are expressed in systdRg, then systenRy; and VeCtOI(stl) is expressed in systeRy;.
2.2.3.1 Calculation of)zpz, \?pz, sz in systenmRgp:

Unit vectors of coordinate systelRy, of earth station £(which is pointed to satellite;are defined in systeRg, by
the following expressions:

Zp2 = B - R cosyp cos()\pz - )\52); R cosypy sin()\pz - )\32); R sinypH/ [lnormZ||

with:
lnormZy|| = (h2 + R? — 2 Ry cos@p,)12
_ [N [N
Zp = (P2S2) 1 || P22l

)sz = @; Ry sinYp; —Re cosypo sin()\pz - 7\52)5/ ||n0fm7(p2||
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with:

lInormXeel| = R sin @]

Yoz = [RE R (k = cosOpz) coswp sin(Apz — A); RE (k — coslipa) sinwpoH/ ||norm Y|
with:

lInorm Yol = R? |sin©po| (sin2 @y, + (k — cosoy)2)v2
moreover co®p, = cosWpy cos(Apz - Ag).

0
2.2.3.2 Calculation of vecto(PZSl) in systemRy;:

(I=>Dg§1) =H-R cosyp2 cos()\pz - )\51); R cospz sin()\pz - )\31); = simpng
with:
IP2SDIl = (2 + R? - 20 R, cosop)2
and coDp, = cosPp, cos()\pz - )\S]).
2.2.3.3 Calculation of off-axis transmit linear polarization vec{tce?ﬂT (e 2)] in systemsp; andRy;:

Vector[ €91 =(£2T (yz))] is given by the following expression:

— insystenRg:
L [dos Bpa1 CoS P21 €OS (Ppo1 —€2) + SiNdp1 sin p21 —€2)[ ] 1(1)Rp2%
i[neRI 21 (e2] = [dosBp21 singp21 cos bp21 —€2) — coshp21 Sin Bpo1 — SZ)D 21(2)Rp2
P [} sinBpa1 cos fpz1 —€2) 1(3)Rp2E

- thenin systemBg, andRy;:

— insystenRy through the above expressions of unit vecm@ sz, sz of systemR, which are a function
of unit vectorsxgz, Ygz, Zgz of systenRy,

[ €211 T(€2)]Rg2 = [€21(DRg2; €21(2Rg2; €21(3Ry2)

— then in systenRy, through the following transformation matrix to go from coordinate sy&gmto
coordinate systerRg;:

(6, n=())] = Hos()\sz—)\sl) —sin()\sz—)\sl) H (6. 07 (0)] =

: in(Ao —Ag) cos(Ao—Ag) O 1(2)rg1
in Rg1 H ( ’ s1) ( ’ s1) 1H in Ry 1(3)R91%

1(1)Rgl

— Thenin systemRg andR;1:

— in satellite systerRq:

[ 8211 T (€2]ra = [21(Drst; €21(Qrst; €21(Ars1] = [€21B)rg1; €21(Qrgt; —€21(1)Rg1]

— in antenna systeRy;:

[e21(D)Rrat; €21(2Ra1; €21(3Ra]
M1 (v1=0) 3% 3) - [ex(Drst; €21(Qrst; €21(3)rst]

[ €211 7 (€2)] Rat
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with M; (y; = 0) (3 x 3) the Euler transformation matrix (with y; = 0) between systems Ry, and Rg;.

The polarization angle from earth station P, is given in system R, asfollows:

€211 (€2) = arctan B(ézlf(e») ] [ [(82117 () - Yal]%
Vectors [ €11 (€ 2)] , )?al and \7a1 are expressed in the same system (Ry; for instance).
224 Calculation of the alignment angle in up-link: reception by wanted satellite S, (see Fig. 4)

Calculation for a wanted satellite S; of the alignment angle between the polarization planes of signals
transmitted by a wanted earth station P; and an interfering earth station P,

Polarization angles €1, (Y1) and €51, (€2) should be, in this case, expressed in satellite antenna system R4; connected
with the antenna A1 of wanted satellite S; which is pointed towards boresight Pv1.

2241 Above caculations are applied for the calculation of the polarization angle €1, (y1) of the wave transmitted
with polarization vector [é 1T:(y1)] from wanted earth station P; towards the receiving antennaA; of wanted
satellite S, characterized by angle y;:

€17 (Y1) = arc tarﬁ(§11:(V])) + Xaa] [ [(81:7(vD) - \?al]E 17)
Vectors [ €1 (yl)], )Zal and ?al are expressed in the same system R;1.

2.24.2 Similarly for the calculation of the polarization angle €51 ; (€2) of the wave transmitted with the polarization
vector [ €01 =(sz)] from interfering earth station P, towards the receiving antenna A1 of wanted satellite S4, (earth
station P, is pointed to the receiving antenna A, of interfering satellite S, characterized by angle y»), hence:

e21; (2) = arctart] (€21, 7(e2) - Xar] [ [(821:7(e2) - Yar]H (18)

Vectors [ €11 (82)] , )Zal and ?al are also expressed in the same system Ry;.

2243 Polarization angles €1; (Y1) and €21, (€2) being expressed in antenna system R,; connected with the wanted
satellite Sy, the value of aignment angle 3 ; is given in the copolar case by the expression:

Bi = Ck1y (Y1) — €211 (2L + (see Note 1) (19)
NOTE 1 — Validity area of calculations:
Two following simplifying assumptions, suitable for use of the calculations of this Recommendation, have been devised:

— the linear polarization angle of each of the two wanted and interfering signals received by the antenna of the wanted
satellite or wanted earth station is calculated in the plahe\_{)rec perpendicular to the main direction of the
receiving antenna instead of being calculated in a plage éq,),ec perpendicular to the respective propagation
direction of each of the two signals.

The off-axis angles of antennas must be below abduind@rder that the above approximation is valid;

— the co- and cross-polarized radiation patterns are with revolution symmetry around the main axis of the antenna (in
the case of reflector antenna or elliptical beam antenna).
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FIGURE 2
Earth station Pv-satellite Slink
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FIGURE 3
Down-link: wanted receiving earth station P,
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FIGURE 4
Up-link: wanted receiving satellite S;
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APPENDIX 3

TOANNEX 1

Depolarization dueto rain: Cross-polarization of wavesin the
tropospherefor Earth-space telecommunications systems

1 Definition of cross-polarization discrimination duetorain

The cross-polarization discrimination due to rain, DX4n, iS the ratio of the received power on the transmitted
polarization over the received power on the orthogonal polarization.

DXain = U — V(f) log A dB

where:

Ap:  rain attenuation (dB) exceeded for the required percentage of time p, for the path in question, commonly
called co-polar attenuation (i.e. on the transmitted polarization transmitted)

V(f): value near 20 between 8 and 15 GHz
= U(f,e,1,0)
where:
f:  frequency (GHz)
path elevation angle (degrees)

T: tilt angle (degrees) of the polarization of the linearly polarized vector with respect to the horizontal local
plan, (for circular polarization, use T = 45°)

o: deviation of the raindrop canting angle distribution.

From the cross-polarization discrimination, it is possible to calculate cross-polarization angle Wx, ;,, (rotation angle of
the polarization vector) for calculating the level of depolarization.

tg2(Wx,qir) = 107 (O%ain/10)

2 Executive summary of a method for calculating long-term statistics of hydrometeor -
induced cross-polarization (see Recommendation | TU-R P.618)

Different depolarization mechanisms, particularly hydrometeor effects, are important in the troposphere. Cross-

polarization effects are given in Recommendation ITU-R P.618, as also are the calculation of long-term statistics of

hydrometeor induced cross-polarization. The method described allows the calculation of cross-polarization statistics

from rain attenuation statistics for a same path for 8 < f < 35 GHz and £, < 60°, the method allowing scaling of results at
similar frequenciesis also presented.

DXrain = U — V(f) log Ap dB
with:
U=GC + C; + CSS + Cg and Cp = V(f) log Ap

DXrain=Cf+CT+CSS+CO'—CA dB
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with the following parameters:

Cs: frequency-dependent term
Ci = 30logf for8 < f < 35GHz
C:: polarization improvement factor dependent on tilt angle t:

C; = —10log[1 — 0.484 (1+ cos 4)]

if 1=45° C; =0andif T =0° or 90°, C; is maximum and reaches the value of 15 dB (in the case of
circular polarization, T = 45°);

Ces: elevation angle dependent term
Ce, = —40 log (cosey) foreg < 60°
Co: rain drop canting angle dependent term:
Cg = 0.005202
with o (degrees) the effective standard deviation of the distribution of the raindrop canting angle. The
values of o are 0°, 5°, 10° and 15° for respectively 1%, 0.1%, 0.01% and 0.001% of the time
Ca: rain attenuation dependant term:
Ca = V(f) logAp
where:
V(f) = 12.8f0.19 for 8< f < 20 GHz
V(f) = 22.6 for 26 f < 35 GHz
3 Executive summary of a method for calculating long-term rain attenuation statistics

from point rainfall rate (see Recommendation | TU-R P.618)

The attenuation due to the precipitation is also given in Recommendation ITU-R P.618, the general method described
allows prediction of the attenuation from precipitation and clouds along a slant propagation path. The parameter Ry o1
(mm/h) isthe point rainfall rate for the location and for 0.01% of an average year.

The attenuation A, exceeded for a percentage p% of an average year, in the range 0.001% to 1% is determined from the
attenuation Ag o1 exceeded for a percentage 0.01% of an average year by using the following formulae:

% 0.12p—(0.546 + 0.04310@)  for p% of the time of an average year

and Ao.01 = YRLsIg o1 for 0.01% of the time of an average year

The parameters are the following:

YR: specific attenuation due to precipitation:

vr = k(f) (Ry01)%(") (dB/km) (see Recommendation | TU-R P.838)
k(f) and a(f) are coefficients which depend on frequency among others factors
Roo1:  rainfall rate (mm/h) exceeded for 0.01% of an average year (integration time of 1 mn)
ro.o1: reduction factor of the length of the precipitation path:

1

0017 1+ La/Lg
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where Lg=35 exp (-0.01%01)
Ls: slant path length above the rain height:
_(hr —hy
ST singg
where the horizontal projection Lg = Lg €0S €5 (km)
hs: height above mean sealevel of the earth station (km)

hr: effectiverain height for the latitude of the earth station (km)

03 + 0.028yp for 0 < Yp< 36
hg = U
[J4 — 0.075@p - 36) for Yp= 36

where ;, is the absolute value of the earth station latitude.

4 Degradations of polarization

Rain and snow may deteriorate the polarization vector direction. The drops of rain have a shape, not spherical but
generaly rather ellipsoidal.

When a linearly or circularly polarized wave goes through such drops of rain, the components of polar vector have
various attenuations and phase-shift according to the axis of the ellipsoid of drops. Consequently, the wave is linearly
polarized, and has therefore a component in the orthogonal direction at that of the transmit wave. It is the phenomenon
of cross-polarization or depolarization. The orthogonality of two waves polarized perpendicularly is kept with the
differential phase-shift effect; on the other hand, it is not kept with the differential attenuation effect.

The differential phase-shift effect is preponderant over the differential attenuation effect. The differential attenuation
effect islow particularly at 6/4 GHz, but its effect is not negligible for the higher frequencies.

The levels of depolarization are functions of the precipitation rate. In the not very rainy regions, the cross-polarization
effects are relatively light and decrease only lightly the cross-polarization discrimination. On the other hand, in the very
rainy regions, cross-polarization effects are strong and decrease in an unacceptable way the cross-polarization
discrimination.

In the case of a wave with a circular polarization or in alinear polarization with atilt angle T = 45°, the degradation of
the cross-polarization discrimination is maximum. On the other hand, the degradation is reduced if the polarization is
near a horizontal or vertical polarization due to the symmetry of the drops of rain.

5 Effects of rain on the attenuation of waves

51 Estimations of attenuations

The structure of precipitations is not well known for the rain rate and for its horizontal and vertical extent. The effect of
rain is relatively low below 10 GHz, on the other hand, its effect is significant above 10 GHz. The calculation of the
attenuation due to rain is based essentially on the knowledge of rainfall rates.

The strong attenuations during a very small percentage of the time correspond to rare events with a time span of a few
min. A percentage of 0.01% of an average year corresponds to a time span of 50 min. These relatively short time-scale
events have a periodicity of several years, it is therefore necessary to take measures during several years to obtain
statistically significant data.

However, the effect of rain is still a new and incomplete area of study, and the methods of calculation are not fully
defined.
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The main factors are the following:

a)

b)

c)

Elevation angle

Strong rains have a structure which is more vertical than horizontal. For angles greater than 15°, strong attenuations
depend very little on the elevation angle (compact regions with intense rainfall). For very small intense rains, the
attenuation is light and with a cosecant law.

Frequency

The frequency effect on the determination is complicated, but there are empirical laws independent of the rain
intensity. There are also semi-empirical laws connecting the attenuAtjpréid Ay, at frequencies; andf; for
frequencies lower than 50 GHz (similarity in frequency: Recommendation ITU-R P.618).

Climate

Attenuations depend mainly on the statistic distribution of the rain intensity in a point. From this distribution, the
calculation of attenuations may begin (see Recommendations ITU-R P.837, ITU-R P.838 and ITU-R P.839).
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