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ABSTRACT

Phenomena affecting tha deaign and operation of a broadcast satellite sre
analysed, We provide relations on attenuation and rain depolarization effects
for incident linear and circular polarizaﬁiona, allowing for imperfect éntennas
with finite isoclation in clear weather and allowing fo,_i- misalignment between
transmitier and receiver polarizations. We then investigate intez.fefenne dus
to .an ad jecent transmitter beam imlqdiné the relevant antenna pa.ttérns and
we deduce the net isolation, These.results improve on several proposal reporis
suhmit£ed to CCIR by BBU. The relative advantages of linear and cirgular
polarizations are outlined and we recommend the use of linear polarization at
12 GHz. We then comment on refarence e0poiar and cross polar antenna patterns.
The last chapter discusses system aspents of a brosdeast satellite system,
Included in the discussion are limitations to antenns reflector mirze, the
apparent change in shape of a ground areea wi'ibh the satellite is moved to diffe-
rent locationa in the orbit, problems associated with chennel assignment in &
multibeam environment and the gecmetrical:aspects of using linear polarigation

in conmunication satellite systems.
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CHAPTER I

INTRODUCTION

The European Broédcasting Union is proposing to 1aunch a broadeast
"satellite, having a high power transmitter, beaming to individual home-
type receivers. Va?ious pioblem areas that arise are associated with
interference problems caused by the satellite high power and by the
relétively inexpensive receivers.

Neighbou;ing satellite transmitters will have}to be designéd such.
that their transmitted beams provide minimum interference within a siﬁgle
receiver on earth. Poséibilities are spot heams directed to specifié areas,
frequency differences and differing polarizations between beams. Since
rain depolarization effects are minimized for incident horizontal polarization
and especially for polarization in the vertiéal plane, it is desirable to
construct beams having one of these polarizations at the local spot on earth
to where the beam is directed. The advantages of circular versus linear
polarization also have to be considered before circular polarization is
ruled out. To double the number of channels, each beam may be designed
with t&o orthogonally polarized channels. Another problem is side-lobes,
which can provide interfering signals at large off-axis angles unless their
power envelope is minimized. Finally, satellite antennas having very small
beam widths require large apertures.

The earth receivers will probably be inexpensive, unadjustable and small
as compared to presently used earth stations. Their relative smallness means
that the central beam width will be of the order of 1° - 20, which 1s sufficiently

broad that adjacent satellite beams, even through received off-axis, may interfere

with the signal from the desired satellite. The fact that the recelvers are

[T P



unad justable means that it will be difficult to correct for misalignment

of polarization direction between that of the transmitted éignal and that

of the receiver. Misalignment éan be caused by the wind, other weather
conditions, mishandling and by Faraday rotation in the ionosphere. The
latter is negligible for frequencies above 8 GHz., Misalignment introduces
cross~polarization. Also attempting to comstruct cheap receivers may cause
one to neglect means for bettering their inherent cross polarization isolation
in clear weather. One can expect the receiver isolation to be worse fhan
that of the satellite‘antenna. Another factor which may improperly be ne-
glected is to provide‘protection against rain over the feed of the earth
receiver. Rain dripping over the feed is known to greatly worsen the antenna
isolation.

Chapter II discusses the theory of the rain depolarization phenomena and
gives the results of measurements that have been reﬁbrted in the literature.
The contribution of the imperfections in the traﬁsmit and receive antennas to
the coupling between the cross polarization channels is included. The decrease
in antenna response away from the antenna axis is also included and standardized
formulas for calculating this response are discussed.

Chapter III discusses system aspects of a broadcast satellite system.
Included in the discusgion are limitations to antenna reflector size, the
apparent change in shape of a ground area when the satellite is moved tp
different locations in the orbit, problems associated with channel assignment
in a multibeam environment, and the geometrical aspects of using linear pola-
rization in communication satellite system.

Pertinent reports are reviewed and discussed in Both Chapter II and Chapter

II1I as appropriate depending upon the subject content of the report.



CHAFTER IX

GROSS POLARIZATION EFFECTS

l. INTRODUCTION

In this ehapter we consider the effects of rain on attenuation,cross pola-
rization discrimination and isolation. In Section 2, we provide relations how
to calculate attenuation and rain depolarigation effects for incident linear
end circular polarigations, for the case of perfect antennas and Aexacf'align—
ment. In Section 3, we extend these results to allow for imperfect antennas with
finite isolation in clear weather and to allow for misalignment of the polari-
zations of the Eransmitter and reoeiver antennas. In Section 4, we investigate_
interference from neighbouring satellites or between adja.ceht beams., The.an-
tenna patterhs are included and relations are given for the net isolation.

Various deocuments have been submitted to CCIR dealing with one or other of
the above problems. The effects of rain have either not been analyzed properly
or have been omitted altogether. Ths results 1n Sections 2,3 and 4 improve ‘
respectively on the reports EBU (K3) 1624; CCIR 555 and EBU(K3) 135-rev.E.

In Section 5, we consider the relative advanteges and disadventages of
linear versus circular polarization and we recommend the use of linear polari-
zation at 12 GHz and higher frequencies. In Section 6, we ccmment on EBU
report (K3) 139-rev.E, conCerning reference antenns patterns, Considerations

related to antenna design problems are given in Chaper III,
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! .2. COMMENTS ON _EBU PROPOSAL DRAFT REPORT (K3) 162-B, DEC(1975)

BBU draft report (K3) 162-8, Dec(1975), is an attempt to specify rainfall

depolarization values to be adopted for system planning, Although useful -

for crule eastimates, the formulas do nmot allow for linear polarizations and

other effects. Only circulbr polarigation ls considered. Alse Eq,{1) neither

includes the important eff‘ootr of the angle of incidence or the elevation angle,
nor the equivalent path length through the rainfall. With the availability of
caloulated results by Oguchi and Hosoya (1974) and by Chu (1974), the batter
tabulated results should be used, Admittedly, the computer results sre not
available at 12 GHz, hut rather at 1l GHrz for various engles of incidence, but
this difference is not great. |

The "classical" formulation which we propose to follow uses the following

. quantities, assumed known.

(2) The slant path length distance through the rainfall, r' in im, between the
satellite and earth receiver. This is usually deduced experimentally. ‘
Otherwise, the following theoretical formulas (Lee, 1975) are suggested
as a good estimete for the vertical (V) and horizontal(H) extents of the
rainfall.

H(km) = 5.34 - 1.67 logio R ; V(km) = 17.18 - 5.13 logicR

where R is rainfall in mm/hr, assuming R > 1 and assuming that the values
of R are availebls experimentally. Then the valus of »’ is given by the
ons af the following two expressions which is less than (H2+ V2 )%.

p' =H/sine or r' =V/cosg

Here 900-— a' is the elevation sngle in degrees snd @ =m' /180 in redisns

1s the sngle of incidence with vespact to the vertleal.




. . (b) The differential attenuation values per unit length, AA' = A}'i'A\‘I in

dB/km.

() The differential phasa shift values per unit length, A% in degregs/}un.
Both AA' and A¥ are already averaged over the drop size di,stribution
in space, Caloulated valuss for them are available from Chu (1974) for
a = 900 and these a.re given in Table I. Also caloulated results from
Oguchi and Hosoya (1974) are given here in Table IT for a= 90°,70°,50°
and 300. These ve.iues depend on rain rete and the tsbulated values range
over 0.25 to 150 mm/hr valuss for R.

(4) The canting angle, 7' in degrees. Consider the plane perpendicular to
the propagation direction and project onto this plane the aversge image
ellipse of the raindrop spheroids. The angle 7' is defined to be the .
angle between the electric field and thes nearby axis of this ellips;. For
an incident wave with horlizontal or vertical polarisation, the éffective’
7' can be taken to be betwsen 2° to )° (Wat§on and Arbabi, 1975). This
approach is simpler than that of Chu (1974) who uses the averages
<j7*] > » 25° and <sin®27> = (0.14)%sin®(2<|7|>) in the equations.

Before we use the suggesied formulas, ws require ithe following changes
in units:

T 3%%7" s O -i%%m’ s r=107pt
AL = AAY 1072 /8,686  emd  A%= AR 107 7/180

Define the following quaniities used by McCormick and Herdry (1973).

2 _ cosh(rad) - oos r(,\g‘}g soBy = sinh(rpa)
P"= Gosh(rAlk) + cos(vA® s POOBX = cosh(rAd) + cos(rdd)




TABLE I (FROM CHU, 1974)

ATTENUATION (4B/ km)

PHASE SHIFT (deg/ km)

RATN RATE —
no/hr Vertical Horizomtal  Difference AAY Vertical Horigontal Difference Ad !
* Polarization Polarization (Horiz.- Vert.) Polarization Polarization (Horiz.- Vert.)
A A |

FREQUENCY : 11 GHz ANGLE CF INCIDENCE a's90°

0425 0. 002428 0.002659 0.00021 0.3985 0.4195 0,021

1.25 0.02592 0.01820 0.00228 1.579 1.697 0.118

245 003787 0044399 062512 2,880 3,127 0.7

5.0 008144 0.1076 0.01615 54266 5.783 0,517

125 08,2507 003470 0.0553 11.69 13,06 1.37

2540 0.6393 0.8293 01395 21.32 2% .18 2.86

500 1,605 1.945 Qo340 3894 L4.93 5.99

100,0 3.586 lo 352 0,805 70.25 82.58 1233

1500 5.605 6.919 o3l 99426 118.3 19,04

_9-



TABLE IT ( FROM 0GUC

AND HOSOYA, 197%)

Rain rate A‘tégf;‘;'-‘m ‘Eﬁgf‘.e s}l:;:i ]
Vertical tHorizontal Ihtierence Yertical Horizontal Difference
(mm he) polari- polari- . Horizontal polari- polari- * {Horizontal
zation zation --Vertical zation zation —Vertical)
Frequency: 11 GHz, Angle of incidence " 90°
.25 0, 192507 0. 002731 0. 000224 0. 3962 - 04150 0, 0188
1.25 0.016M 0. 01809 0. 00205 1.560 1.664 - 0.168
2.5 (5.03781 (¢.04326 0. 00545 2. B44 3.004 0. 220
12.5 {1. 2852 0.3349 0, ¢a97 11.54 12.77 1.3
25.0 0. 6745 0. 7283 0.1228 21.09 23. 66 2.57
559 1.554 1.855 0.301 33.47 43.85 5.38
100.0 3.504 4.230 0. 726 .55 81.13 11.18
158.0 5. 467 5.637 1.17 96.99 116.1 17.11
Freguepcy: 11 GH=z, Angle of incidence a- 70 .
0.25 0. ¢0Z524 002721 0. 300197 0.3283 0. 4150 0. 0167
1.25 0.01614 {.01795 0.00182 1.572 1.664 ] 0,092
2,5 U. 03895 4.04247 0, ({482 2.889 3.063 0. 134
12.5 0.2873 G6.3312 0. 0438 .69 12.78 1.09
2.0 0. 6801 0. 7855 0. 1084 21.42 23.69 2.27
5.0 1.569 1.835 {9, 266 1918 43.493 4.75
16D.6G 3.547 4. 185 0.642 71.52 81,40 9. 28
16,0 5. 542 ' &, L0 1.037 1014 116.6 5.2
4 -
Freguency: 11 GHz Angle of incidence a: &
.25 {1 402567 0002638 H_ 0131 0. 4038 0. 4118 0,011
1.25 (. 01641 001762 0.00in 1, 6012 1.663 0. 061
2.5 0_1E3K85 014188 00032 24950 362 0.126
2.5 11,2925 0. 3217 40202 12.47 : 12.79 0.72
254 W, 7944 0767 0. 0729 2,24 23,75 151
5.4 1.6 1.788 0.177 .94 45.15 i
100.0 3.658 4 087 {. 429 75.50 82,08 : 6. 58
150.0 5.740 6. 432 0.692 107.7 117.8 . 10.1
Fregyency: il GHz, Angle of incidence a3
U.25 0.002616 0. 002672 G. 000U 0.4100 0.4147 0.0047
1.25 0.01672 0.01723 0. 000512 1,636 1.602 0,026
2.5 0.03939 0. 04076 000137 3.005 3. 080 . 955
12.5 1}, 2485 .31 .0125 1249 12. 80 0.31
5.0 40,7109 . 7420 0.0311 23.17 23, 81" .84
50.0 1.654 1.7360 0.076 43. 04 44.39 1.35
100.0 3.787 3.971 0.184 80. 05 82.85 2.80
150 5.4568 5 265 0 2497

il4.9 119.2 4.3



B

. the cross polarization discrimination valuea (]{PDH V) due to rain alons
2

for linear polarigations in two orthogonsl directions ara given by

XD, = 10 Logio I:lc“ﬁ.ap@qg@oszw_p”gegigg]
. 2308
pUain-2y :

fhe upper sign epplies to H and ths loier sign to ¥ polsarisetion, Fow oly
culaxr polarisation, either right-hewd or lefé-hend, the wesult ls the scme
as letting = w/k in ths chovo xolabtion, ylelding

XED

c® -10 logig PP

The attonuation in a8 of the signels with raspaoct to thele cleny weathdw

valuss are given by

§ s v RS aya g
. AMHDV“'(\AS%% ‘AV) 5 <5 logeo [:(3 p?)? = hpfoos x]
= L0 logae [.’Li I060s ) cos2Te pgcamga?]

for linsar polarization whers Al .. ars tho ationvabion veluss in dantem given

H¥
in Tebles I apd IT fox ths zuspactive tuo livser polewimations. For elvouleyr

polarigzation

AFT,, “(;AH& A") % ¢ 5 losic { (1 p‘?)”méﬂ:gccaﬂgh’]

Chviouvsly, even KI?DG is not slmply rslaitzd o M.‘i'g , 20 that the oquation
sugposted im ERY dxaft veport (K3) 162.3, Doo (1975), nemely XED = 31 - 2(ATT,,)
can at best bs only appromimeve. The suggestion theyxe is thet 1t be used fov

.A'I"l‘ % 6.1 dB, valid for 995 of the worst month. Howsver, fades greator ithen

‘9 and in fect up ko 20 dB do ceeur et 11 GHs (Wetson amd Avbebl, 1975) for

< e e e




the remaining time (1% of the worst month). Consequently for a more relisble
systom,batter theoreticsl prediotions should be applied. The relatioms given herse

can be applied to satisfy this requiromeni,

3. COMMENTS ON CCIR EZFORT 556 (1974)

CCIR Report 555 (1974) illustrates remsikebly well the co-polar end cross-polar
patterns for verious cuiemmas end glves on-axis and off-exis crossmpolarizatiun
disoriminatlion veluss both for lincar and civeular polerisations., The patiterns
&lso phow that in meny ceses there is no mininmum on-mrls for the oross=polar
pattern.

Polarigers in the feed which eare requirad to gensiete scirveuler polarization are
stated to be availeble with en ellipticify vatio of 0.2 4B giving 39 4P isclation
at 46 GHs. Lou olliptledty matloes {< 0.5 4B) cou probobly be dhiainsd at 12 GHz.

Of the varlous ocnbonncs shom, Ve reccopend for satelllie uss the of'f'-set
fod parsboloid, especially if mulilple beams ere: to be used. An off-get foed
provides (1) less retura into the hoxn (ii) less bleckegs loss assooiﬁtaﬁ with
tho feocd end support structures (iil) gonorally Wighior weight and {iv) higher
cross-polarizatlion dlssriminotion since & mejor degredor is the tower causing
polavizatlon changeover.

The stete of the &rt on erogsa-polerisation discrimivetion iz sbout 33 4B fox
lipeay and 30 4B for oireuler polarizetion up %o the 3 @B conbour coversge arof.
Two methods for iwmprovement thet we propese ere (i) to use & cizoular waveguide
feeding ths horn with the TEll mode , which afber reflesgtion from the parsbolold
gives & purer limeer wave or (3i) use o longer focal length to dismeter retio
of the order of 0,7 o lavger. Exzbonsions of method(i) are discussed by Teeng(1975).

GGIR Repors 555 (1974) illustretes the effects of (i) misaligmment of pole-
rigation, (ii) finite entenns ollipticity ratios for olyoular polarvigation and
(iii) finite sutenus isolations for linsar polarization. The offoct of redn is
not ingluded, The effects of rpin dn eddivion to the other feotors are considered

boalow,
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. In the following, we generalize the results in CCIR Report 555 (1974) in

orderio include propagation affects. The works of Oguchi, Chu, MoCormick and

others can be used to include the effect of rain slong the propagetion path.

We consider f'irst the case of linear polarization end then circular polariza-—

tion.

Linear Polarigation

We propose the following thsoreticsl formulss to csleulate the cross-

polarization discrimination (XPDH V) for linearly polerized waves, either
b

horizontal or vertical, along a one-wey path. We provide results for ths

worst cese whore the olear weather phases of ellipticity of the transmiiter

and recelver antennas ars of opposite sign.

We include the following effects:

@

(b)

(e)

Off-beam center transmission ond rocepilon, where q’}D end by Bre the

the angles the line of sight propegzetion paith makes with the respective
normals to the antenna apartures.

The clear weather finite polariszation discrimination, Dt'l‘ ($p) in aB, of

the satellite transmitter sntenne betwsen the co-polar antenns radistion
pattern, P, (qST) in dB (negsetive quantity), and the eross-poler radiation
pattorn, £8 (4y) in dB  (negative quentity), with D (q‘:,f) = 1 (o) ~ £3( qﬁT)u
The clesr weather finite polsrization discriminations, DY (qu} and 53;{( gbR)

in 4B, of the gromd antenna. D}_‘Q wafers %o discrimivetion in the co-polar
mgceiver channel hetween reception of & co-polar radiatlon patteranﬁ(¢R)

in dB,and & cross-polar patiberaff (¢y) in dB,with DY (qBR) = P %)" £y (gbR)o
D;z' refers to discrimination in the cross-polar receiver chanusl between
racepbion of the direct rediation pattexmafﬁ’i“{‘(sbﬁ} in dB in the cross-direc-
tion, and tho patiern fﬁ”(gﬁ g) in &b in tho co-polar orihogonal diwaction,with
Dé‘(qu) = Fy (¢R) - f"ﬁ( ﬁbR) o

Also let the respective on-axzls snteuna gains be @1‘1 in 4B and GrI'{“ in 4B,



(di

(e)

=] e

Angular difference of the polerization direction between the satellite

and the earth antenna, 6' in degress, and/or the Faradsy rotation angle.

Depolarization due to rain, assuming & constent or effective rainfall

rate alongz the path, We use

1) the slant path length distance through the reinfall, r' in km, from |
the satellite to sarth receiver

i1) the differentlal sttenuntion values psr unit length, AA? in aB/kem

1ii)the differentiel phase shift values per upnit length, AJ' in deg/km

iv) the effective centing angle of the raindrops, 7'in degrees.

Note thet (i)s—(ln.zami (11il depend on elevation angle (900-» a') in

degress, where o« la the angle of meid;mawith erzia;fset £0 -tha vertical,

Also (1) to (1ii) depend on the rain rate R in mm/hr, end on frequen-

oy £ in GHz. For & trensmitter using horizontel or verticel polarization,

7 can be talen as & few dogroes, say 11.0 as an exampls of a bed case

(Watson and Arbebi, 1975). Values of (il)end(iil) versus R, o and £ are

gbtainable from Chu(197%:) and from Oguchi and Hosoye(l974k). At 11 GHz, olose to

the frequencies of interest here, Oguchi and Hosoys give AA' and Ad ! values
for o =90°, 70°, 50°, 30°, (slevation angles = 07, 20%, 40° and 60°
respectively) and for eight R veluss from 0,25 to 150mm / hw.

Before wa use the formulas, we require the following chenges in units?:

Pg, /20 Di /20 Dg;/ 20

DT:IO ’ s D = 10 R D= 10

Oyl O Tyhp T s e=gEg @ w107

ab = 6AY 1072/8.686 , 63= Ag"1004 / 180
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. Define the following quantities used by MeGormick end Hemdry (1973).

2 _ gosh(rad) -~ cos(ra @ _ sin(ra
~ ocosh(r + cos(x AP s tan% = sinh(r
sinh(x AA) sin{r

1

poosA= cosh{rAd) + coal(z b §) s psin cosh(r ML) + cos(rA )

Then tha values of XID for a one-pay peth are given by

]
g .E&F

XPD y =10 1ogro

* [ffz. (9) - fﬁ(%a ay O Sy
b
where
[(D -D 1y coso (Dpq &D )pcos?ﬁ cos(?r 8) ~ (14 DyD l)psin'}isir(m'-r 3)_‘

-

— - 2
. +|—(1~D )sin 8 « (DRl"f'D )p sinX oos{2r< 8) 5 (1. Dy Dy )pcdéXsin(aT+9)]

I;(:L»,, RZDT Yeos 85 ( 1~ DR,,DT )pcowteoa(?ma).z-(nﬁp D,[, )psmv«:sm(?ﬁe):l

.2
- -1
[(D +D )sin(? (L. > Dol )psmxcos(z-m. 8)E (mez;T Jp cos A sm(zws)_l

The top signs refex to :KPDH and hopizontal is the o-polar channel and the
bottom signs refer to X.P.Dv and vertleal is the co-polay chsnuosl.
Examples are now given. In the abasence of rain,p =X = 0, and for

Fi =Fy , £y = £ , end 6 =G} tho above reduces to

N2 2 2y .2
. (Pg~Dy )" - (g 1)(1- Dy ) 8in’®

XrD 10 logso L v i = _l
(1a DRDEI‘) + (D - 1)(1'°DT2)sin29
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which is the formula used to calculate Figure 9 in GGIR Report 555 (1974).
This gives the reduction in X¥D duo to causes (a) to (d) above. Obviously

as DR and D, go to infindty, we chtain

T

XED = 10 log;q cot26

vhich is FPigure 7 in Report 555, For the situstion of porfect sntennas, DR

and D, infinite, end for oxach aligment 6= 0, we cbiein

2

XD, .. = 10 logqo ' L.%.2p vosX cos2ry choszgli )
H,¥ 2
P osin™2y

which is the pelation given by McCGormick amnd Mendwy (1973) for linsar
polarigation. - This gives the reduction iu XED dus to rein alona (cause (o)

above), Another exemple agaln for D end D, infinite but § finite, so that

R T

effects (d) and (e) ewre included, yields

cos%@ % 2p cogicosfeos( 274 @) pzcoag(arus- 8) |
in"0 & 2p cos¥slnbin(2r+ 0) e pouin (274 0)

XPDH,V = 1Q logio

The more general foxmuls imalvdps all caunses (&) to (s)e

Gircular Polarisation

We propose the following thesoreotical Fopmnles %o caloulete the oross—polar—

ization disorimination (XFDR L) for civeulor polevizcd waves, oithsr vight or
) .

lef't hand; elowg & one-way path, We oconsidex the worst cese whers the respsotive

clany westher alllipticity exes of the tronsmitier aund rocciver antennos sro ah

right engles to seech other. We lmelude ths following effscta:

(a) 0PFf-beem centor transmission and reception, whera ¢ eud ¢ are the sngles

the line of asight proyasgation path makes with the yespsotive normals to

the antenna aperturas.



.

| .b) The olsar westher finite elliptioity, B (qu) in dB, of the satellite

( trensmitter entenna. This is related to the difference between the

| oo-polar antenna radiatlon‘pa%em,ﬁ‘é( qb.B) in dB, end the cross-polar
radiation pattern,fl (d&@) in aB,by

- . By /20 B, /20
Pa(Py)=£3(#0) = 20 Logeo l’_(lo ey (. 1,)]

240797~ 20 Logao () + 0.00959h ()2

where the approximatlon holds fox Ei, /20 <<1,

(o) Ths oleer weather finite ellipticities, Elﬂl( %‘) aud Efﬁv(cpﬁ) in dB,of the
ground sntenna, El'l( qSB) rafars o the ce-polayr rscelver channel and i
rolated (similar to the ebove formula) to the difference between the

. co-polar radlation pattein, Fﬁ( q&R) in dB,and the cross-polar pattern,
3 (¢R) in dBo Similarly E£10<¢R) refers to the oross-—poler receiver
channel and is rolated te the difference batween‘l the direot rediation pattern,
Fé“(qﬁR) in dB in the crogs-dirgcilon apd the pattern fﬁ( gbﬂ) in 4B in
tha co=polar orthogonal dirastion.
Boscause the axes of the raceiver alliptleliy cre ovthogonsl to 1&% 9

the ERT:S are negative if RE} is taken as positlve. Also let the wespactive

on~axis antenne galns be {%ﬁ in dB and G{ﬁ in 48,

(d) Dpepolarisation dvs %o rain, similey o (o) sbove for linsswr polarization.

Befors we use the foxmmlas, we require the following:

E}, /20 “BY /20 {82 1,/20 X /20 {33'};3!/20
ET = 10 P Em = 10 = 10 P BBE = 10 = 10
) vl 3
= 1'=0' AR o = 56 wt g o= 107!

. '
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A= AA' 1077 /8,686 ; 4= 43104 /180

2 oosh(xpd)- @oa(r&_} ' sinh (rAA
po= sosh(r M )¢ cos(ra p POOBX = och rA4) + cos(rAF)

ain(r AG)
palnX = aosh(x ALY + coslz A

end the new quantitiea

+ a ’
1¢ ETE‘E“@ ET:’3L R

[:(13. Eé)(l-:— Eij)j; - GOB(% [(1+ET)(1+ ERJ)_J

sin (umi‘, ij) =

Then the values of XFD I for & one~tiny path are given by

= ol /10 f" / 10 |
(&]
N= 10
- s G e, THE Y L
xPnR,L = 10 logqo o (GR G )RﬂL + 10 lagqe F /:ii‘"“"'l“o'f'R 710
3 ’ "':\
whars
o 2 o i )
1\1&_r = GO8 ()ﬂmﬂ gm)zzp GosAGOS27 60s (yT-f g.im)cas(gl, ;Am_)
- 27 siminindraos (,L!T - ;Anl)sin{ ™ :m)
2 .2 .
e peos’ Zayoas” {Hﬂfs um)re- ) 2 in®orain’ (f_eTa mm)
and
p% o aain‘g( =, .) & 21 cosloosZrein{ g ¢y ., ) sin(p, = u. )
’%.E ﬂ?lz == .BB BHLOORLTHT %j“ HH}?. T Bg

e 29 sinming'mos(g.g,?u w ;Am)a:m(pm - MRQ)

- 9200322%1112( Mg "‘R?) & pzsiJAEEWOSZ(éle “R?)
The top =igns refers to }{PDR and yight-hend c¢ixculav is the co-polar chonnsl

and the bottom algns refer o XED, and lofi-hend eirouler is ths so-polar channsl.
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. Examples are now glven. In the absence of rain, p =% = 0, and for

Ep, = Bp, end G = Gp ,the sbove reduses to
X = 10 logqo LGOtE(pT_uR)J
® 240797~ 20 logio (Bf+ |81} + 000959 E(E{,)%( Elgl)zmzm& w11

where the approximation holds for B 20 << 1 amd IE.{?.I /20 << 1

Results based on this relation are plotted im Figuve 8 of CCIR BReport 555 (1974).
For the situation of parfect antennas, E%g Ei and Eﬁ’nre 5aroy; By, ERl and

Bp, 870 ons,50 that XED = 10 logro P % & 20 logyo ®

which is the relation given by HoCommick and Hendxry (1973) for oivcular
polarization, It is lndependent of v end the ssuwe for right snd left-hand ~

. circular. The more general formula includes ell causes (2) to (d) and as can

be seen, it depends on o

Jhe COMMENTS ON EBU PROPOSAL REFORT (X3) 135- rev.E, DEC (1975)

This docoument suggests relations 4o saleuvlate the inferference arising from
an unwanted satelllie at an eawth siation, oxdinarlly recsiving sigusls from a
wanted closer satellite., The depolarisation luduced by rein is inclufed in
the calculation end its effect is to chanze the polarisation of the imterfering
radiation to the polarization of the receiver. The basic assumption, which 1s
ressonsble, is thet the powers of the contribubions to the imtexfering signal
can be added since the relative phages aro random with respect to sach other.
Ws however disagree with the snalysls on two polnts. First the dependence of
the coross polearization on the typs of incident polerization (linesar horizontal,
. linear verticel or circular) is amitted. Secondly, this repart omits attenuetion
due to rein, which as we see below alters oppreciably the relations. A revised

analysis is given below,
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The notation below follows that used in the previous two sections. Tﬁe
off-exis sngle ¢, allows the radistion from the interfering satellite to '
reach the receiver, which detects it et its off-sxis anéle ¢R . We again
include all the effects given in Section 3 for gensrality. In contrast to
Seotlon ) where we aligned the phases of transmitter and receiver for the
worst result, we now consider the pheses %o be random, We ponsider the
two cases analysed in the BBU proposel, but we look seperately at eech

suboage of linsay and cliroular polarizastion.

Case (la) = Receiving Antonma with Esarly the Seme Lineer Polarization as

Compared o that of the Intexfering Satelliie.

Define
Py = cos?0 4 pooz?(274 0) 2 2peosfoosycos{2T+ 8) .
P, = sin®0 4 pPsln®(274 0) £ 2psinfoos yoin (274 0)

Here 0 1s the misalignment angle betwoen tha transmittor end receiver polapi-
sotlion divectlons, v is the canting angle and the woin paraneters, p end x ,
are defimsd in Sections 2 gwd 3. Thass PB angd .;Pﬂ fastors allow for attenuation
and orosa=polarization dus to raine

The transmittor so-poler redisbion pattern is denoted by FS ((,"gli) in AB and
1ts oross-poler rediatlon patiern isdoaoted by £¥ (%) in d8, Laber we also
considsr the transmitisr redieting with orthogonel polarizotions end then
let F,i'(@ln) in dB be the dirsct redistion pattern in the coross direction and
let £} (%) in dB be the cross~pettevn im the co~polar orthogonal direction,
For the raceivar.,, we only uss tho co-poler redistlon pattern Efl (q,i’sn) in 4B

and its cross-polex pettern £ (rbR) in dB, both for weception in ths co-polar

racelver chennsl. We also define
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7y /20 Fé' 20 £,/20 £,/0
lelo ,FTzslo s T = 10 . » L = 10 '

[ ] [ ]
F_/20 £. /20
R R

FR::lO ‘ R

Here F}

% and f4'are normalized o Fj (®) = 0,

T
Similarly Fi'and £, ars normalized to Fy' (0) =0 and Pl end f::i ere normelized
to Fﬁ(()) = 0. For other off-axis angles, thecs quentities in 4B ere negative.
The on-axis gains in 4B are donoted respscitively by Gﬁ, 2 G%' and G’l'?. o

Let P, be the received powor, F, the transmitted power, A the wavelength, and’
d the satellite to earth distance. As before »' in km is the propagation
path through the rein. The other syubols below wers deflined previously in
Sections 2 and 3. '

For the case conaldered, the corrected respult that we propose is given by

(\PR.'“ PT = G’.i, = Gﬁ)ﬂ va} 20 logyg (&;.f?d/)t)
P

» (A AL ) ©/24 5 Jogro [(1sp®)® =k pPoos® ]

il

2 pa 2 ooy "R eR . £2 P2
10 logse (FT:LFB. Fop * Tp P Pon + Ty fp Pyp v S By Psi)

L}

cE ¥ L™ sz st

- «(F5L+F$)/10 ~{£50a £1)/10 (P& £3)/10 ~{£50+ F2)/L0 -
10105‘9'30TR P_el0 T RYTR a0 FORTTp g0 TR PJ

The uppar sign refers o H and ths lowexr sign to ¥ polarizetion.
In order to compars with the repult in the ERU proposel, we let & =0 so

that P = Ps* = pPsin®2r and we dofins the oross-polarisetion discriminetion

.ratio
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| P . -
. ' XPDH v = 10 logie .F"f = 10 logio l+p c03%27 ¥ 2pcosxcos2T
’ 8 p*sin®2r

Then the right hand side of tho above expression for the received power

hecomes

(FEAFLY/10  =(£1' £1}/10
TR 10 TR p /p

(RHS)H,V = 10 I,l.t::gml-“Me + 10 log, QELO o2/ Pox

: & 9 3 : ' [ %) -
u(FT«e- £p mﬁyv) /10 «(?Rvev fqp'e Xi”DHpv)/IO :l
In the relation given in the EBU proposal, thoy omit attenustion so that
A=A =0, P,=1 aud ps 0 exmcept in P o They also do not distinguish
betwesn inpident polarizatioms. Their result thsn follows with their notation
= « T? o " =
. expression is incoriect. The P@ footors intreduce imporbant correotions., Also

XFD end the dovhle signs distingulsh betwesn linesx H and linsar V incldent

H,V
polarization.
Case (1b) - Same as Cage (1la) but with Girewlar Polerization.

The rosult follows direotly from the shbove upon setting f=0 amd r=n/k .
Wo obieln the same exprossion For pizhé and left-hend cirvoulmy polarization

upon using the sssumpilen of rondom pheses. The formuls ig

(Py= Py~ G~ "fa)g & 20 logye {(Hard/n)

+ (Al‘flcc. .é%,) /245 logqo ({14 p?Y2-hploosiy ]

(Y 4)/10 mm(f,i,w £8)/10 mw{}?é-@- £3 + XED_)/10
R o

= 10 logy GE,O

. o 10

had ]9 W sep, Fi
(I‘Rsc AL m}e)/m]




T

where XPDO = = 10 logiop*. The right-hand side of this relation agrees with
the form suggested in the EBU proposal, However, on the left-hepd aide, the
sttenuation factora, Al , A{r and tho log srgwsent involving p, ars omdtted

in the proposal. They ‘should be rotained.

Case (2a) ~ Interfering Satellite with Neerly ths Orthogonal Polarizetion

as Compared to that of the Becsiving Eerth Antenno.

The result for this case is as follows:

- {2 - K] .
(Pp-€h)y,y ~ (Fp+ & dy,u * 20 10810 (Lad /2)

oo ) /25 Logsof (12 3°) - bptoou |

- 2 p2 @ a pe Wa

= 10 1°5‘°<f'132?a Pz + Fiofy For + fppfp Fom rmzl’za?e;::)

-{£3+ F1)/10 ~( % £2)/10
TR, o IR,

[l

&=

= 10 105\3 9[10

~(£44 £3)/10 ~(B&e F1)/10
10 Pg$ + 10 Psi

g L

Again, in order to compave with the ezprossion in thy BBU proposel, we let
=0 and obtaln for the »ight hand side

Tl B Q (P17 4 0L) /L0
(RHS),, « = 10 1logie F_. + 10 logio}l0 (rge TRl + 10 @5 R b /P
H,V ¢ SgE " ‘ ntd *ax

£ o €1 XFD )10 =(FoTe Bl e XD )10
.10 xFR HY, 40 TR ",V

e

Tn the relation glven in tho BBU propesal, vhey sel MapilaQ, P =1, ps=0
P P A e TgrT e

except in P_, and D, = XFD o They elso do not distinguish botvoen P end
a? X H,V¥ T
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F'T and between f&,' and f?l! o  Their result then follows with T=FE‘L" s R= Fi‘ ’
Tx= fé and Rx= fﬁ. As already mentioned for case (1la), such an expression

is invalid,

_Case (2b) - Same as (2a) but with Gircular Polarization.

Again we obtain this result by letting €=0 and v= n/k, yielding
(Py- Gﬁ)RsL- (Pp+ G'T')L,R + 20 loggo (Lwd/A)
+ (A + AY) /2 & 5 logaoBl+ p?)? = h.p®oos’® x]

«(f,i,-tFi)/lO (B8 o fﬁ)/lo (€8 + £ XPDQ)/J,O
+ 10 4 10

. mm(w '+ Fpe mo)/loj

The right hand side agrees with the foxm suggested in the EBU proposal but the
attenuation factors on the left hend side heve not been imncluded in the propo-
sal and should be kespt,

Cross-Polarization Isolation

The cross-polariszation isolation of on antenns (XFL) sgainst intexfering
signels can be derivsd by meking use of the results for cases (1) and (2).
XPI is simply the difference in dB betwosn these two sets of results.

For-linear polardszation, we £ind from cases (1a) enmd (20) thas

A2 2 2 "iB e 2
(XP1),, | = Gh=GY' + 10 10@@@[ Pon T Pog ¥ Fpafh Por + I TR Pop + O P Py :]
9

T a "!2 8 2 2 2 2 2
£yp g Fog + Fopfp Fou + f‘l"’fEP& P ¥p o

2 =g -
Pp¥er * Ppifs * Por + Pplu Py J

Y =y
DD‘EameP v"aD P VDP

= Gé“@é'f% F,}:‘“Fr_'[.° & 10 logw[
T2 "sx R'sZ




where D ard D_=F,_/ £, are the discrimination

1= Fm/ T11 0 Ppo = P/ i r=Fg
ratios of the antennas in clear weather.

To ecirculer polsrization, we find from ceses (1b) and (2b) that

F 33 + fz.lf“ + pa(xo’- £2, FR)

(XPI) G_v..G-él,..lD 1051: " R 'ﬁl i Tl
2, w2 ok, o2 2 2
fpoFp + Frp£p + B (fgofae szR) ‘
Bl ey
P2 4 18 1+ p*/ {1 W1+EE)
= Gh~GH' + 10 1081o|: 1L m:‘-i' 10 logie ETI
! T N
2 1
L \Lep?/ (1482024 B)
a - 2
\ \ 1‘@.(-»-3“ [sin (“Tl"' "'R) sin (”Tl F‘R)]
Py + Loy 1. p?
= G! "'G;J':'-l' 10 1ogml:-———-—am]=p 10 logie .
Pt fipg o (R2BDY Lot (g, + ) = 810% (g = )]
2% PR 2
lvP —

Similar to the definitions in Section 3, wa in.trqducm here Eﬁ;, » E%' and Efl’ the
clear weathar ellipticity values in 4B, of the olroularly polariged antennss.

We then define

E} / 20 B Y 20 “’Ei/ 20
Tl_lo ) By,=10 ) Ey=10 .
7 il o i o =14
Pl B+l Fpy Bpel By LeBp
B MR S M
Tm  Bp-i fop  Bpp=d o1 o
2+ 1
12E, B 0

ool sin Uy ) = g D 1

The XPL ratios aprs of importanse for this application related %o interfering

signalse. Suggested expressions are given above,
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5.  CONSIDERATIONS CON LINEAR VERSUS CIRGULAR POLARTZATION

Wo first outline the advantages in ths use of circuler polarization and
then those of linear polarizetion. Circular polarization is desirable for
the following reasons: |
‘(&) There is no nesd for pelarization tracking in oontrast to linear pola-

rization where adequate alignment has to be maintained between the pola=—

rization directions of the satellite aﬁd earth antennas.
(b) Circular polarization is insensitive to Farsday rotation, whareaa for
linear polarization, rotetion of the polarization angle introduces cross-

polarization. This is en important consideration at frequencies below

6 GHz. However, at frequencies sbove 10 GHz, Faeraday rotation is negligible

and the aebove argument is no longer appropriste. ‘

(e¢) Two sdjacent mrees serviced by separate satelliites ocan maintein orthogouna-

lity using orthogonsl right and left-hand circular polarizations,respéo~
tivity,for consecutive heam Goverege. This is not so for linear polariza-

tion. This problem is discussed in Chapter III.

(@) The angle of polaerization of the exterme may vary over its design bandwidth

(CCIR Report 555 (1974)). 'This presents & possible disadventege in a fre-

quency reuse sysbtom employing linsar polarization. In thls cese where the

orthogonal polerization is also used, the oversll isolation may not be

maintained over ihs fraquency bandwidth, This is not of comncern if the iso-

lation is still good enough throughout, However, methods have been proposed

to cancel out cross polarization components induced by raln, Dus to effect

(d), these ocancellation bechniques may nmot be possible in the £ stage over

the entire bandwidth, but will be limited to the if stage, separately for

each transponder.
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At the lower frequencies in the 46 GHx band, the advantsges (a) and (b)
are predominant in the cholog of cirsular polarization. In the 12 GHe band,
(2) and (c) are the mein advantages what have to ba ta.kaén into consideration,

The main reason in choosing iinear polé.rization arises from considerations
on propagation effects through rain. This first advantage is disoussed at’
length helow. We denote by XFD the croés-polariz&tion disorimination or the
ratio of direct to oross polarixed received powsr in dB. |

Dapoiarimtion due to rain is less end XFD is groater for all linear pola-
rizations as compared to circular polarization, except for a canting angle of
i+5°, where ciroular end linear polerizations give about the same XED. The
theory, given in Seoi;ion 2 sbhove, indicates this fact. Since & distribution
of canting angles exists, averaging over the canting angles favora linsar polarization
for most of the time (Watson avd Arbabi, 1972). A vertically polarized eledtrie
Tield experiences better XFD and less ettenuation than a horigzontally polarized
field and both provide better XED than olrculer polarization. BExperimentel
evidence substantiates the thsory. Figure 1%.1 ill'uatratfaa experimental results
over terrestrial paths in the 17-19 GHs band. The top lefd hond pide plots
theory versus sxperiment using elvculer poleriwation (Semplek, 1973). The XED
valua is plotted versus attenustion of ths so-pelar signal, The atisnuetion is
that in excess of the clogy wanthervalus » The top righit-herd side {Frow Hogs and
Chu, 1975) compares the seus eoxpsrimsntal results with another experiment by
Bostian et al (1973) using h.SO limesr polarization. We ses that & J\LSO polari-
zed wave is more or less equivalent to ciroular polarization,es theory (see
Section 3) predicts for sntennass with gocd olesr westher isolation. The plok
on the bottom lefi-side campares theory end experiment for an ineident hopi-
gontally polaxized weve for varilous peth lemgih (Chw, 1974). Finelly, the

bottoem right-hand side plot shows the expsrimantal XFR's for olveular polarvigation
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.replotted against those for horizontal polarization, in the case of identical
path lengths (Semplak, 1974). We clesrly see that depolarization is worse for
an incident circular polarization.

Figure II.2 illustrates experimelntal results obtained at 20 GHg with the -
ATS-6 satellite (Hogg and Chu, 1975), The polarization angle for these results
is betwsen 20°to 22° with respect to the vertloal, For these polarigation -
angles, the resultslie as sxpected between theoretical predictions of XFD for .
vertical polerigation (corresponding %o Oo) and. ciroular polarization (equiva-
lent to 45°). This agaln indicetes distinet advantages in the use of linear
over clrcular polarization, even when the polerization angle 1s as large as
20°,

We already mentloned above that if the polerization angle at the beam
center 1s vertical or horlzontal, it is dﬁfemnt at the boam edges and cons:a-

.quently, D 1is degrated there below that at beam center. In contrast for

"oircular polarization, X doesn't change much in the east—wost direction at

& fmore or less constant elevation angle. Ong should not infey from this that
circular polarization is better. In fact, as ssen from Figure IT.2, circular is
worse and XFD for sll finite polaxlisation sngles other thon 1‘._50 using linear
polarization is still better then eirgulexr polarisetion.

Figure Il.3 gives theorstical predictions in reletion to the planved European
0TS satellite operating in the 11 %o 12 GHgz band (Wetson end Soutber, 1975).
This graph plots XFD versug atisnuation using the Burobeam A antenns on this
particular satellite, The lefi-hand calculations ere for cirsular polarization
and the right-hend ones are for linsaxr polarigzation, presumsbly horizontal. Thse
canting angle on the beamt axls is sszuwmed to he hoo Different curves resulb

.depending on the elevation sngle &nd on bthe off-sst of the earth station from

beam c enter. The best XD veluns occur for ths largest elevetion angle, with
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receiver on beam axis and with the beam using linear polarization. Curve (1)
shows results for an elevation angls bf 60° with ciroular polarisation, |
Gurves (2) for a 40° elevation angle compare linear to circular snd show
that ciroular is worse than linear polarization. The same would be tx-ué

for 60° or any other angle. Curves (3) are for a 20° elevetion angle which
occurs towards the beam edge in the north and the XFD values are now lower
for both polarizations. At 130° elevation, the polarization angle at the
receiver changes from linear horizontal at beam center to 17o with respect
to horisontsl as one moves in the sast-west direction to the 3 aB beam edge.
This deoreases further XFD for linear polarization as indicated by curve (4}
For oircular polarization, curve (2) still applies in this case, but this
ourve (2) is still worse than curve (4) for lineay polari#ation. This fact
was slready mentionsd at the end of the previous paragraph. ]

Consider the following example for Canada. Let a satellite be sltuated
at about 1OQQW longitude, radiating vertlcally polarized waves in the meridian
plans, The polarization angle covering all of Gsnada with a single beam would
vary by sbouh * 500 with respsot to ths plane on earth containing the looal
vertical. With seversl spot besms, this variation in polerization sngle can
be greatly reduced and in all ocases, i% is below the &50 squivalent of circuler
polarization,

For reference, the following formule can ba used with good securacy to cal-
culate the polarigation angle ¥, lLet the satellite be gitusted at longlbude
L,g* Let the on-exis beam from the satellite entenns intersect the earth ab
latitude Laa and longitude Loa“ Def'inae Lda = Loa"Los' Also let the off-exis

ray intersect the earth at latituds L& and longitude La and define Ldfzho"’LOS'

The polarisation angle E , as measuyed from that at beam genter, is then given by




In particular when L

(a)

(b)

(o)
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sinLaacosLasinLd ~ coskL,  sinLggsinkLy

sinLaBs:lnLa - cosLaas:LnL 4 acoshasinL a

ton E =

0 , we obtaln tan £ = cotLasinLd.

da =
We now summarlize our first advantage.

Both from terrestrial links and satellite to earth links and both from

theoretical predictions and experimental data, linearly polarized sysﬁems

perform better than circular ones in the presence of rain and provide
better XFD. Other advantages of linear polarization are as follows:

A polariger is required to gensrate circular polarization end this device
introduces ellipticity. The isolation for the antenna cannot be made
better than say' 33 dB if the polarizer elliptiocity is O.4 dB. This advan~
tage is however not appr;aoiable since 33 dB isolation is sufficient in
many cases. The design of high performance polarizers is given by Soma

et a1l (1974). Furthermore, even linearly polarized ground antennas may
want to insert an adjustable polarizer (instead of using mechanical meaxié.) -'
in order to align the receiver electric field direction to that of the
incoming wave,

In the off-axis directions end in the side-lobes, the antenna c¢lear
woather isolation is better for linesr than for circulsr polarigation,
provided alignment can be maintained (CCIR Report 555, 1974). Also, cross—
polarization for linsar polarization is usually concentréted in four lobes
in the 45° off-exis planes, whereas for circular polarization, circular
symmetry is maintained and the depolarization covers & larger area (Watson
and Soutter, 1975; Ghobrial, 1975).



-31-

Let us reconsider the previously méntioned disadvantages of linear
polerization. Misalignment remains a problem as far as the earth station
is concerned, where it can be caused by winds or mishandling. A misalign-
ment of 2° deoreases XM to 29 dB and 8o dooreases it to 17 dB. Occ#sional
ohecking of the earth antenna alignment may be necessary. As far as the
satellite is concerned, it is genefally maintained that its attitude control
can be kept to within 0.252.30 thet & varieble polarization should not occur.

If problems arise due to improper station keeping, then the plane of polari-
zation will change as well, presenting problems both to linegr and circular
polarization sy§tems.

In order to overcome the cross-talk problem mentioned in (¢) under advan-
tages of oircular polarisation,ome of the proposed solutions(see Chap.III)is touse
alternate frequency channsls as well as orthogonel polarigations in adjacent beams.
By the use of different frequencles, discrimination can be maintained even at
the boam edges.

The OTS is heing designed with several antenna systems (EBU Report Com.T.(N)

86-B, 1974). Two are the Eurcbeam A beam and the steersble spot beam, both of

which use two orthogonslly polaxized linear waves and enother is the Burcbeam B
beam which uses a single circularly polarized wave. The reason for including
the latter is the uncertainty presented by polarizetion misalignment with linear
polarization, One of the purposes of 0TS is to enable & comparison between the
two types of polarization.

~ As discussed above, at frequencies above 10 GHz, propegation effects favor
linear polarization. Misalignment problems favor circular polarization. We
feel that the advantages of limear polerization outweigh the disadvantages if
the number of earth stations that have to be serviced cccasionally for allgn-~

ment are not too many. Watson and Soutter (1975) also show that linearly pola-~

rized systems perform significantly better at 12 GHz in the presence of rein
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.a.nd offer greater capacity with multi-level PSK modulation. Our recommendation,

however, has to be qualified. In the future, the situation may arise where
ground stations may prolifierate greatly with a multitude of individual home
receivers, Proper alignment camnot be expected to be performed or maintained
by all the operators. Then the economics of servicing all these stations
will be a determining consideration. Circular polarization may bé the easy
way out of this problem, even at the expense of fading and depolarization
ocouring during precipitatiqn. However, a better sotution is to use linear..

polarization and insert easily adjusteble polarizers to align the polarizations.

6., REFERENCE ANTENNA PATTERNS AND COMMENTS ON EBU PROPOSAL gggz 139-rev-E,
Jan ’

The EBU propossel (K3) 139-rev-B(1976) proposes two sets of reference
pattern envelopes both for the co-polar and cross-polar componenﬁs. One set
is applicable to satellite transmitting antennas and the other set to indivi-
dual receiver antennas. ‘

It is difficult to suggest reference envelopea‘that apply to ell different
situations and types of antennas, which encompass central horn fed reflectors,
of f-set fed reflectors, Cassegrain reflectors, horn reflectors fesding Casse-
grain, etc., since each class haes a somewhat differant envelope decay. The
co-polar pattern envelops also depends on whether methods are used for side-
lobe control, such as special designs of the aperture edges. The cross-polar
pattern envelope also differs on the means taken to suppress or filter the
cross polarization component, such as grid reflectors, long focal length
paraboloids, or optimum modes for feeding the dish which cancel out the cross-
pattern. Blockage cbstacles and antenna supportsalter the envelope shapes and
cause spurious side-lobes, Furthermore, the envelopes can dif'fer in the two

B-and H-planes, so that any reference. has to include both. There is also a

dependence of the pattern envelopes on frequency within the bandwidth.
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In view of all these variables, at best one oan only propose reference
envelopes for the average type of antemna and require actual ones to surpass
these requirements by being below the envelopes. Even so, it is conceivable |
for the actual cross-polar pattern in the side-lobes to be above the cofpoiar
pattern, for example at null points in the co~-polar pattern.

Satellite Co-~Polar Pattern Envelope

The suggestion in the EBU proposal for the co-polar pattern envelope of
satellite antennas has evolved through various stages. CCIR Report 558(197L4)

suggests the following for fixed satellite antennas.

-3(2¢/d)® for 0 < ¢/ o < 1e29
= -20 for  1.29 < ¢/do € 3.15

=25 1og10(2¢/do)for  3.15 < ¢/ ¢o

'Fh (9)

]

with & limit at the isotropic gein. In the sbove, F} (¢) is the gain in @B

relative to its on-axis value, namely Fy (0) = 0. Also, ¢ is the angle away

from the beam axis and ¢o is the total be@ﬁth s0 that F,i,(t o/ 2)=~3adB.
In another report (CCIR Report 215-3(1974))referring to broadcast satel-

lites, a different reference envelops is proposed, namely

=12 (¢/ o) ? for 0 < ¢/ do < 0,50

= =10.5 = 2510g40 (¢/P0) For  0.50% d/¢o S 0,82

= =20 - 135 logso (¢/ ¢o) for  0.82 < ¢/ ¢o & 1.09
= =25 for 1,09 € ¢/ ¢o < 3.80
= =10,5 ~ 25 Llogio (¢/Po) for  3.80 < ¢/ o

Fh (¢)

]

with a limit at the isotropic gain. This envelope, representative of normal
designs with lobe control, includes the curve B medification in Figure 3 of
CCIR Report 215-3 (1974) and also a Gaussian pattern for near zero angles.
This same reference pattern was proposed in the originsl preview documents

of EBU proposals (K3) 135-% (1975) and (K3) 139-8 (1975).
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In the latest proposal EBU (K3) 139-rev E (1976), the suggestion is to
have a single reference envelope which includes satellite antennssfor both
fixed and broasdocast satellites, Towards this end, the following simple

envelope is proposed for the co~polar pattern.

]

7y (8) = =12 (#/ do)* for 0 < ¢/ de < Lok
-25 for Ll < ¢/ de s 3480

~10.5 - 25 log1a (¢/ do) for 3.80 < 3/ ¢

]

with a limit at the isotroplc gain. It is ssen that the fixed satellite
envelope is adopted up to ¢/ ¢e beyond one and the previous broadcast satel-
lite envelope is adopted for ¢/ ¢y greater than 1.4}, In many cases, one can
do better than required by this envelope, especially if precautions are taken
to reduce side lobes. This final suggestion nonetheless looks reasonsable f;r
average types of antennas. '

Satellite Cross-Polar Pattern Envelope \

Different reference envelopes apply depending on whether special eare is
taken for increasing the antenna isolation. If some special effort is
exercised, the following reference envelope is proposed in all three EBU
doouments, namely preview ones (K3) 135-8(1975) and (K3) 139-B(1975) and the

later ons (K3) 139 — rev.8 (1976). The satellite cress-polar envelope in @B,

denoted by £} (¢), is given relative to Ff, (0) = 0,by

23 (#)

~36 - 25 logyo iﬁ“l ' for 0 € ¢/ < 0:42
-30 ' for 042 € O/de € 1058

~36-25 logso %@—l for 1.58 < ¢/ ¢u

with a limit at the isotropic gain. If no special effort is taken to minimize

the cross-pomponent, the documents suggest that the 25 in front of the log be

changed to 40, and the corresponding ¢/¢o limits would then be 0.29 and 1.71.
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' . Qur opinion is that there is a greéter difference in tﬁe envelopés between
the two cases where care is taken or not to suppress cross-polarization., With
a solid dish, it is diffioult to obtain 30 dB isolation up to the 3 dB points
(¢/ ¢o = 0.5) over the whole frequency beniwidth, although it may be available
at specific frequencies. A gri@ded reflector can make a big dit'ferepoe s even .
.though the number of reflectors have to be doubled in a dual-po}ari:ed ‘system
since one reflector can only be used per polarization. With grids, one oan
filter the cross~polarization level, theoretically to 50 dB isolation, but
practically to about 36 dB up to the 3 dB points. We thus feel that with
gridded systems one can do better than the refﬁmnce envelope shown. Without
special care, ‘the cross-polar envelope is usually worse than the modified
expressions suggested above. .

A possible modification that we suggest is to elter the middle equation

‘ from -30 to -33dB and ohange the corresponding ¢/ ¢o limits to 0.2} and 1,76,
This applies to a proper design minimizing c?oss-polarizatibn.

A good antenna shéuld display a deep miﬁﬂmum in cross polarisation on
axis. This is not always observed (see CCIR Report 555, 1974). Sometimes,
this is not inherent in the antemna but dus to the imperfsct measuring antenna
used to derive the cross-polar pattern of the test antenna., Obtherwise, scatter
from supporting structures may actually £ill in the minimum, Both the magnitu-
de in dB of the ninimum and its position in space may also very as the frequen-
cy is changed. Nonetheless, we agree with the reference even though it shews
only a relatively smell increase in cross polarigation from on-axis to
¢/de = 0.5, Such a reference incorporates even lower on-sxis minimum velues

and indicates to the designer the desire to obtain a deep on-axis minimum.



-36-

For large off-axis angles beyond the second siﬁe-lob;e, it is questionable
whether the envelopes for direct and oross have any meaning. First the
symnetry about the axis is not maintained, Secondly, in relation to isolation
considerations, the power in cross-polarization may surpass the co-polar poﬁer
at minimum points in the co-polar pattern. Nonstheless, the reference pattern
envelopes serve to indicate the need to decrease the envelopes of the éide-
lobes for both direct and oross t§ be sufficiently below thelr values at
¢/¢e = 0.5. These references should be kept for this reason but perhaps made
constant at their values attained at about the position af the third side-~lobe.

Individual Receiver Co-Polar Pattern Envelope

For individual reception, CCIR Report 215-3(1974) snd EBU preview report
(K3)139-8(1975) suggest the following co-polar pattern envelope for Fl'l (¢),

the receiver gain in dB, relative to its on-exis value of F} (¢) = 0. ¢
P} (#) = =9 - 20 logio ($/de) for 0.5 € ¢/¢e < 11.22
= =30 for. 11.22 <p/ de

with & limit at the isotropic gain, This envelope is drawn as curve B in
Figure 6 of CCIR Report 215-3 (1974) for individuel reception. For community
reception where the antenns is designed withb etter side-lobe suppression,
CCIR Report 215-3 (1974) suggests replacing the sbove by
Fj (9) = = 10,5 = 25 logeo (¢/ de) for 0.5 € 3/ de s

In a later proposal, EBU (K3) 139-revE (1976), it is suggested that the
ebove relations for individual receivers should be retained only for
¢/ ¢o 2 0.707. For small off-axis angles, & flat-top is allowed up to
¢/ do = 0.25 in order to account for possible pointing errors of * 0.5° and
a Gaussian is adopted for ¢/ ¢e between 0,25 and 0.707. This gives the follo-

wing for the r eference envelope:
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Py (¢) =0 ' for. 0 < ¢/ da < 0,25
- -12 (¢/ ¢ F for  0.25 < ¢/ do % 0.707
= -9 ~ 20 logie ($/¢0) Ffor 0,707 € ¢/ o € 11,22 '
s =30 o . for ll.éz < ¢/ do

with a limit at the isotropilc gain,

‘It seems to us that the proposed émlope- which decreases a;s‘
-9 = 20 logie $/ de 1s more represehtaﬂve of an antenna having a apacially
designed uniform 11lumination over the é.perture.. Usual antennas have sids-lobes
somewhat lower than the envelope and the envelope is then more rapidly falling.
We would suggest comiderat;.en of the follo'uihg modification replacing the last
two dependences.

FY ($) = ~9.52 = 25,4 logso #/de  for 0,707 € $/de & 7.5 -

= =30 for 75 £ ¢/ de |

Individual Recelver Gross-Polar Pattern Envelopa

In EBU preview proposals EBU (K3)135-8(1975) snd (K3) 139-B(1975), it is
proposed to have fi (¢), the crosa-polar pattern envelope in dB relative to

By (0) = 0, vary as

£3 (#) = ~30 - 40 Logre |/ ¢e -2 for 0 < ¢/do < Oulil
= =20 for O.bh € ¢/ da € 140
= =30 25 logio |¢fbe~1 | for 140 € ¢/ de < 2.0
= =30 for 2,0 € ¢/ ¢o

with e limit at the isottropic gain. If the later document,BBU propesal (K3)
139-ravB (197%), it is correctly argued that the minimum on-axis valus of
~30dB may be difficult to obtain in view of possiblé pointing errors., We
also pointed out above that the minimum that ocours on-axis may be partly
filled in if no speciaml care is taken. The modified envelope is now suggested

by BB to be
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-25
= =30 - 40 logyo |¢/ do=1|
= =20
=30 - 25 logio |¢/ Pe-1]
-30

£1 ()

for
for
for
for

for

0 < ¢/ ¢de s 0.25
0,25 $ ¢/ do < O0lily
Oplth & ¢/ do < LekiO
1.40 ¢ ¢/ de € 2.0
2,0 € ¢/ ¢o

with a limit at the isotropic gain. We generelly agree with this pattern.

Our previons remarks for satellites on the far off-exis patterns also

apply here. In order to improve on the 6ross—polarization pattern for linear

polarization up to ¢/ de = lek, one should use a long fooal length paraboloid.

With good design, both the co-polar and cross-polar envelopes can be surpassed.

A final suggestion that we make is to require that the reference envelopes

be met throughout the frequency bandwidth and for both B~ apnd H-planes. This

should be explicitely stated.
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CHAPTER IIIX

SYSTEMS AND TMPLEMENTATION PROBLEMS

1.0 REVIEW QF ANTENNA AND SYSTEM REPORTS

Report 215~3 Broadcasting Satéllite service: Sound and Tele&ision.
This is a very good overall review of all aspects of the b;qadcast_satéllite
service. No significant omiésions were noted and very little fault éould be
found with the report., A few general comments follow.

There is some ambiguity in the nomenclature used to distinguish
between a satellite system intended for direct reception by home receivers
and a system ;ntended for reception by a central earth terminal. Both typeé
of satellite broadcast their signals uniformly over a large area and both
are received by fixed (rather than mobile) earth stations. )

The magnitude of receiver thermal noisé is omitted from Figure 1. An
estimate for 10 log (T/300) would be about 5 dB at 12 GHz and 1 to 2 at
700‘ﬁHz. When this noise source is includeé_the lowest noise would be
observed at about 3 GHz in an urban environment and at about 700 MHz. in a
rural environment.

The advantages of the geostationary orbit are such that the choice
always seems to go that way unless the mission requires the extension of
service to the polar regions (latitude greater than 750). In this latter
case a polar or near polar orbit is generally selected.

The numbers presented for the antenna pointing errors appear to be
somewhat optimistic though the confidence level of the errors are not given.
When all sources of pointing error are considered, including thermal distor-
tion and initial misalignment of the attitude sensor and the antenns, worst
case analysis on 3-axis systems(considered equivalent to the 37T level)shows

an antenna beam pointing error of the order of 0.2 to 0.25 degrees.
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Figure 2a in report 215-3 appears to be a reasonable estimate of the
RF power capability of a single generating source however the EIRP estimate
given in figure 2b appears to be about 6-10 dB too high at the low énd of the-
frequency scale. 1In addition the advent of beam pointing errors‘and surface
tolerance errors should occur at 10§er frequencies. In particular it is
not considered technically feasible to maintain accuracies ow a 12 méter.
deployed mesh reflector out to a frequency of 10 GHz, A smaller size«refleé—
tor should be assumed for the higher frequencies. Figures 4 and 5 of the
report are very useful for initial budgetary estimates of overall system
parameters but they should nét be relied on for detailed budgeting or éubse—

quent design work.
Report 558 "Satellite Antenna Patterns in the Fixed Satellite Service". .

The report quotes a maximum satellite antenna gain of about 50 dB on
axis limited by the spacecraft antenna pointing errors of 10,20. This gain
figure is prob;bly attainable when the destination oﬁ the ground is a single
earth terminal. However, in the broadcast mode, where it is necessary to
service large areas on the ground, the satellite antienna gaiq will be limited

to a much lower value by the specified pointing accuracy. A gain of about

40 dB is probably the upper limit unless the pointing errors are reduced.

2.0 LIMITATION TO ANTENNA BEAM SIZES

In designing a spacecraft antenna allowance must be made for antenna
beam pointing errors. That is, the antenna beam must be made larger, by an
amount of * A8, than the minimum required to illuminate the desired ground
area. This allows the antenna to be misdirected by the amount A6 and still

keep the ground coverage area within the edge contour of the antenna beam.
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. Because the beam dimensions are larger than the minimum the gain at the edge
contour will be reduced due to the presence of the pointing errors.

If it is desired to cover a large ground area with a series of adjacent
spot beams then the parameter that must be maximized is the product of cove-
rage area and antenna gain. For a circular beam it can be shown that the
gain is inversely proportipnal to the beam width squared.-.The coverage
area, reduced by the pointing errors, is proportional to (83 - 2A06)% as shown
in the insert in Figure III-1, |
Thus

product «* -%' (o5 - 200)%2
03

_ 1o, k8, (Y, 8
..‘l 49’+4(93)2,0<A0<2

In the limits A8 ¢an not be less.than zero and must not be greater than 63/2 .

A plot of the above equation is shown in Figure III-1. It shows that in
the case of zero pointing errors the limit is unity., If the poiﬁting errors
increase to one tenth the beam width there is already a loss in coverage
area ( or gain ) of 36% or about 2 dB, This is probably the largest ratio of
AB/63 that can be tolerated. 7That is, for a pointing error of *0.2 the mini-
mum beam width should not be smaller than 2 degrees. Since this is approxima-
tely the state of the arf in spacecraft attitude caontrol, any smaller beam size must
be accompanied by antenna fine stéering capabilities to remove the attitude
errors of the spacecraft. The actual trade-off point between fixed antennas and
steerable antennas must be determined by detailed trade-off studies in each
case. Since some of the antenna pointing errors are a result of thermal dis-
tortion in the antenna itself, an appropriate means of antenné pointing is
RF tracking of a ground beacon using a monopulse feed incorporated into the

actual antenna. The dominant source of pointing error should then be the
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GAIN X AREA

88
B3

FIGURE III-1. GAIN-COVERAGE PRODUCT VERSUS ANTENNA POINTING ERRORS
NORMALIZED TO THE 3 dB BEAM WIDTH
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signal to noise ratio of the beacon and a considerable reductian‘in éointing
error should result. There should be no intractable technical problems in
implementing a tracking antenna with the possible exception of the reliabi—
lity of the steering mechanism for a seven year mission. There is also a
1ogistice problem associated with placing a ground beacon in an appropriate -

location. This problem would be solved if the tracking system could be desi-

‘gned with an electronically steerable axis. However, this would introduce

some additional pointing errors which may be intolerable.

Anotﬁer iimitetion on thé antenna beam size is the shroed dimensioﬂs.v
The 8 foot Thor-Delta shroud has an inside clear diameter of approximately
7 feet. An antenna aperture limited to this diameter will have a beem width
of just under one degree at 12 GHz. The 10 foot Atlas Centaur shroud would
contain an antenna with a beam width of about 3/4 degrees at 12‘GHz. To
obtain narrower beam widths it would be'neceesary to build the antenna with
fold eut sections. The usual type of deployable antenna used in space is a
fold out mesh reflector suitable for low frequencies. The mesh stretches

straight between the ribs introducing a surface error, To make the errors

tolerable at 12 GHz, the number of ribs must be increased, and it is anticipated

that the surface errors introduced by the mesh would limit the beam size to
approximately 0.5 degrees. Only one such reflector could be carried but it
could be used for a number of spot beams by means of more than one feed horn.

3.0 SYSTEMS IMPLICATIONS

Before considering the different antenna types and making recommendations
about those types which are most suitable, it is necessary first to consider

the overall system in order to establish the antenna requirements.




The discussion that géilows is not intended to be fully definitife but t§

indicate what direction a broadﬁast satellite system might take, In addition,

it will outline the cantexg in which the antenna discuasion muet be viewed,
We will assume thafﬁihé broadcast satellite system requires an EIRP

at 12 GHz of 58 dBW equivalent to that of CTS with the 200 watt TWTA. CTS

uses a steerahleﬂz,ap_begw width antenna. The equiv#lené:EIR? can be obtai-

ned with higher gain“ﬁhtennas and lower power TﬁTAs as indicated in the i

a Eran

following table.

BW = GAIN Power EIRP

deg |- dB -  (watts) dBW

2.5° 200 58

2,1° 142 58

1.75 100 58 ’
1.5 72 58 -

1.0 32 .8

.75 18 i

.5 8 B

To avoid the compiicaﬁion of antenna steering & beam width of about
2 deg is chosen with a cortesponding TWTA power of 120 watts. This matches
the power of the Hughes ?HT being built for the Japanese Broadcast satellite.
Using a 3914 Thor-Delta wich 2000 1lbs launch capability the transponder would
consist of two active TWTAS each with a redundant unit,

Two TWTAs would operate in daylight and one during eclipse. It requi-
res four 2° antenna beamsto cover Canada and the problem-is to cover the
country with a spacecraft with only 2 active TWTAs and taking into conside-

ration the sparing problem.
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. | Assume that it is necessary to provide service unifprmly to the whole
country.rather than only to the populous areas. It is necessary therefore,
‘to launch two active spacecraft plus a spare, all of which muat be ideﬁtivﬁ
cal. The two activeisatellites can be placed in the saﬁe slot (sq:that a-
single uplink antenna may be used) with a negligible probabiiity-of inter-
ference. Each spacecraft must cafry antenna feeds for all four beams witﬁ
- facilities for switching the TWTA to the desired beam. There.is space
within the Thor-Delta shroud to provide two reflectors of the required size
so that beams 1 and 3 could be provided by one reflector éndAbeams 2 and 4
by the other. The minimum weight solution is to use'one>reflector'for all
four beam using four adjacent feed horns, The single reflector.approach

would probably be followed in spite of a problem oyerlapping the beamsauffi—‘

. ciently close t:_f':provide continuous coverage.

3rent orbital locations. When‘t 'isatellite is moved

obation to another the shape and'size of the ground cove-
E T ‘1
eﬁyiewed from the satellite,:. In addition the ground

area moves from. sﬁ'éb east as the satellite is‘mbv%a from east to west and

1Ltter effect is a(commoddted by blasing the attitude of

vice-versa. Th

the satelliqe%tdr olﬁt the antenna axis at the appalenL center of_the cove~

rage area. T@ "t;',uumwuate the change in size and q‘mm’ it is customary to

oversize the 'beam to include the whole coverage area for all expected

orbit locatio This would be done also in the case of multibeam antenna
system but ay additional problem appears at the boundary between adjacent

shows the outline of Canada as it appears when viewed from

Moy

beams. Figure

. two differeq:t: s

both cases tc _..ﬁiZéfthe coverage at the east and west extremities of the

ations. The spacecraft attitude has been biased in

das
W
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country as specified by the city locations. For thls reason the btnsing
is sensitive to the antenna beam shape snd-would change»slightly:for a
different antenna beam-configuration: Tne trend,is'very obvious however.
The southern part.of the country has e larger apparent shift than the
northern part. The change .in attitude. b1as approximately compoensates for
the shift at the northern continental coast and more than. compensates for.
the shift in the arctic islan@s. Individual cities in the south ‘move by
nearly 0.5° in spacecraft coordinates. This is sufficient so that a large
ftaction of the country would move from one spot beam to an a&jacent spot
beam when switching to an alternate satellite iocated 10 deg away in the
orbital arc, This would mean that the ground stetion and would»hane to
switch channel numbers if the alternate spacecraft is to be used, implying
additional cost in the ground terminal. An obvious solution is to keep.the
operational spacecraft close together in the orbital arc thus keeping tnis

effect to a minimum.

4.0 POLARIZATION ALIGNMENT OF ADJACENT SATELLITES

Assume that it is required by mutual agreement that all the spacecraft
at 12 GHz have linear polarization aligned with the north-south spin axis of
the earth. In the case of pencil beams such as we are consideringfit is
permitted to tilt the beam axis towards the north or the south so as to
optimally cover the desired ground area. In this case the polarization vector
is not precisely aligned with the earth's axis but it tilted by the same amount
the antenna is tilted. Different spacecraft around the orbital arc all pointing
at the same latitude have polarization vectors which appear as on the surface
of a cone with half angle equal to the tile angle. Thus two satellites at
different locations in the orbitaliarc but illuminating the same ground area
will have a polarization misalignment due to the tilt angle. This misalignment

is calculated and presented in Figure III-3 as a function of angular separation
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between thé cooperating satellite and the 1nterfériﬁg sateilite;' The
lower curve is for zero attitude error and the uéper cﬁrvé'for'gn
-attitude error, for the interfering satellite, of 0;25 degrees. 

Also ShOﬁn in figure is the level of intérfgrence (in dB)ffeéulting 
polarization error. This 1sq1atiqn,is in addition_to'tﬁét:offexed_by'i_
the off axis response_of'the ground ahtenna. Since all.ﬁhe saééllités-
illuminating the same ground area woﬁld normally he located within 0
degrees of arc the polarization isolation is 32 dB plus the‘off axis
response of the ground antenna to cross-polarized radiation. This is
considered to' be a negligible source of interference provided the polari-
zation vector‘on.the spacecraft is nominally aligned with the eartﬁﬁsvspin
axis. ' ' ) ' - -

5.0 OTHER SPACECRAFT ANTENNAS

Cassegrain Reflector;

The standard center fed Cassegrain geoﬁétry is very good for large
antennas. For smaller antennas with beam widths of one.degree or more thé
subreflector is either too small to form a good reflecting surface or too
large such that the blockage effects are excessive. This geometry has never
been used on a spacecraft.

Cassegrain Horn Feed:

This geometry eliminates the blockage by offsetting the reflector. At
the same time the size of the subreflector is increased till it has satisfactory
beam forming properties. However, the geometry has two drawbacks. First, the
total area of precision reflecting surface is considerably increased with a
corresponding increase in weight. ‘Second, the geometry is such that tﬁe center
of gravity of the antenna is pushed farther away from the spacecraft upper degk_
thus increasing the mechanical design and fabrication problems of the antenna

and magnifying the dynamic stability problem of the spacecraft.
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Conical Horn Reflector:

Because of the'large size of(the.cdnical_horn this:typéSOf antenna is
considered to be too large and heavy for applicatién on g sétellité.;~For>
earth‘cﬁvgragg beaﬁs at microwave frequencies a éiﬁpie horn without thé
reflector is frequently uged/bu; for beam. sizes of the.o;dervaf.one:dﬁgrEQ
the horn would become excessive in size and_Weight;

Prime Focus Refleétor:

This siﬁple,geometry generally hasiminimum weight and size and is simple

from both an electrical and mechanical design standpoint. It suffers from

a loss of gain due.to blockage of the horn and a decrease in cross polarization

due to scattering from thg horn and horn support structure..

Off-Set Fed Reflector: | | .

This configuration is generally used for spacecraft antennas, It removes
all, or nearly all, blockage from the antenna aperture giving maximum antenna
gain. 1In addition it reduces the scattering from'the horn and support structure
into the cross-polarized component,

Modifications to the basic comfiguration include circular aperture feed
horns, multi-horn feeds, gridded reflectors, and gridded screens, |

Circular feed horns are used to reduce the crossw~polarization iselation
of the antenna. At the appropriate F/d ratio, the cross«ﬁolarized component

introduced by the horn can be used to cancel the component introduced by the

reflector thus effecting an improvement in cross-polarization isolation. Multiple

feed horns are used to provide a carefully contoured far field antemnna beam to
match the desired ground coverage area. This is accomplished by using a large
aperture giving a pencil beam for each of the feed horms. By driving an appro-
priately selected subset of the feed horns with equal amplitude and phase, the

desired antenna beam shape can be built up. Other shapes of antenna beams can
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FIGURE III - 4. A POSSIBLE CHANNEL. ASSIGNMENT SCHEME
FOR A MULTIPLE BEAM ANTENNA SYSTEM
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he obtailned by sclecting another suhs-et' of ti;e fead horns. "[‘hi.»: antenna
design optﬂmizesAthc anténna gain over .the coverage area for ﬂAhumbef of
reasons. First, the gain of the antenna ié»féirly uniform‘écrOSS the beam.
The eﬁefgy maximum,normaily gppearing.at the beam center hasAbeen spreéd uniformly
over the beam'increasing the gain ahove that which‘wbuld.bé obta;nedffromi |
a diffraction limited beam. Second, tﬁe antenﬁa.béam haé ;~shéf§‘fa11 off
outside the coverage area. Tﬁird, by contouring the.antenna beam té.ma#ch
the desired coverage area a large émouéx of energy thafiwould normally be
directed toward unpopulated éreas caﬁ'be directed into the main beam to
increase the gain in the desired directioﬁ. The magnitude of the gain inf
crease will depend\upon the complexity of the desired coverage area and ﬁhe
number of spot beam used to make up the antenna beam. :

In another application of multiple feed horns, the horns are not paralleléd
but are used individually to carry different signals to adjacent areas on
the ground by commecting the singals to adjacent feed horns on the satellite.
Because adjacent spot beams overlap on the groﬁnd it isvnecessary to provide
isolation by using different frequencies or crossed—polarizétion or both. As
an example, consider an antenna with sidelobes such that a given frequency can
be used on beams 1 and 4 with an acceptably low level of interference. If the
band is divided into eight 60 MHz channels, then the channels can be assigned
to the spot beams in the grid as indicated in Figure III-4, Two 60 MHz channels
can be assigned to each beam and each beam can carry different information than
any other beam, In this way the full antenna gain of the spot beam is maintained
for each channel but many power amplifiers are required to feed all the spot
beams. To cover a countyy such as Canada from the geostationary orbit, only

four beams 2° in diameter are required.
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6.0  APPARENT POLARIZATION ROTATIOﬁ OF SATELLITE SIGNALS

A prablem associated with ruinldopolarizatinn oceurs when‘ﬁ single -
satellite is used to illuminqté large nfcus of the groﬁnd, ﬂlf a single
large antenna beam is used to 1lluminéte.the:wﬁole area'the.field-Veétors
are everywhere essentiaily parallel in the beaﬁ,A HoweVef;>wheq viewed
from thelground the appafent7polarization.orienta;ion;is‘ﬁbt ﬁﬁg same
everywhere., 1If the satellité polarization is ;uch.ﬁhat it appears VerﬁijA
cal on the subsatellite longitude then it will not appear vertical in
other locations. This is because of a.change in the lécal vertiéél.rather
than a rotation of the pola;ization vector. This effect has Beep éalcu¥

lated using the formula,

tan £ = sin Long + tan Lat -

where Lat is the latitude of the earth station, Long is the iongitu@e of
the earth station relative to the subsatellite longitude and § is the-
apparent rotation of the polarization vectof with reference to the ibcal
vertical compared to the orientation on the subsatellite longitude. This
formula does not include the contribution due to the fact that the field
vectors are not precisely parallel everywhere. This latter contribution
is very small and has been neglected for beam widths of a few degrees as
considercd here. | :

Results of the calculation are shown in Figure III-6. It is seen
that, for a single beam covering Canada and polarized vertical on the
subsatellite longitude, the polarization vector near the edges of the
country are rotated from the local vertical by as much as 25-30 degrees.
Thus, while vertical polarization shows minimum rain depolarization,.at

the edges of the country the polarization is no longer vertical and rain

depolarization is considerably worse.
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In the muliibeam situat ion there ave two atternal ves:

1 Bach Tadlvidual beam can have fts polarization vector rotated so
that it appears purﬂllel.tﬂ the local vertical at thé beam éénter.

2)  The polarization vectﬁrs of every beam are made parallel (or per-
pendicular) at the satellite, irrespective of thé apparent-orientation
at the earth stations. | |
In the first case the rain depolarization is minimized EVerywherg and

the resulting cross-coupling between polarizations is acceptable., In the

second case the cross-coupling between beams is minimized and then the rain
depolarization effect ia accepted. ‘The channel assignménts shown in Figure

III-4 have been made under the assumption of case 2 (polarization vectors -

are parallel at the spacecraft). A suitable channel assignment scheme for

case 1 (polarization vectors leocally vertical or horizontal at beam center)
is shown in Figure ITI-5., A detailed analysis would be required in any. |
particular case to minimize cross-coupling between beams including all
factors such as the fact that deliberate polarization rotation {(as in casec

1) gives a continuous coupling factor while rain depglarization only occurs

for a fraction of the total time.
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FIGURE. IIT - 5. A CHANNEL ASSTGNMENT SCHEME SUITABLE FOR A
SYSTEM MAINTAINING THE POLARIZATION AT EACH
BEAM CENTER TO BE I.OCALLY VERTICAL AND HORIZONTAL
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