A recently introduced service that uses near-circuldar, nol-geostationary

orbits is the Global Positioning Satellite (or GPS) service, Whlchtls esstgﬁtlallg
a navigation and position determination service. The GPS system utilizes

orbits with 4 satellites in each. The ascendir}g modes of the orbits are sepa-
rated by 60° and the inclination of each orbit is 55°.

Geostationary Orbit

A geostationary satellite is one that appears to be stationary relative to the
earth. There is only one geostationary orbit, but this is occupied by a large
number of satellites. It is the most widely used orbit by far, for the very prac-
tical reason that earth station antennas do not need to track geostationary
satellites (except for certain very high gain earth station antennas that
require a limited range of tracking, as will be described later). '

The first and obvious requirement for a geostationary satellite is that it
must have zero inclination. Any other inclination would carry the satellite
over some range of latitudes and hence would not be geostationary. Thus the
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since as previously shown the velocity in an elliptical orbit varies from a max-
imum at perigee to a minimum at apogee and hence is not constant. .
The earth makes one complete rotation, relative to the fixed stars', in
approximately 23h 56m. Notice that this is slightly less than the time required
for one complete rotation about its own ‘axis, which is 24h. Substituting

P, = 23h 56m in Eq. (19.4.1) for Kepler’s third law, along with the value for A
given in Eq. (19.4.2), results in

g = 42,164 km (19.6.1)

The subscript gso is included to remind us that this is the value for the
geostationary orbit. It will be recalled that because the orbit is circular this is
also the radius of the orbit measured from the center of the earth. The earth’s

equatorial radius is approximately 6378 km. and hence the height of the geo-
stationary orbit above the earth is

h

Il

42,164 — 6378
35

, 186 km (19.6.2)

This value is often rounded up to 36,000 km for use in calculations. It will be
seen that there is only the one value of a that satisfies Kepler’s third law for the
periodic time of 23h 56m, and hence there can only be one geostationary orbit. )

% P



sa elite Station Keeping

Left to itself, a geostatio i i

as a result of perturbinga%?r:easte'lll‘lhte o
lesser extent that of the sun cz.l
amounts to about 0.85%year ',Th
ing from zero to a m :

ct drift from its initial position
e g!‘&v.itational field of the moon, and to a
uses a drift in the angle of inclination, which
£ dn?'_ls cyclic, the angle of inclination increas-
14.67.- 1n a period of about 26.6 years, thereafter
S : N again in about the san iod. F tellites
ti ) same period. For sa
;){pue rsa;ldg ?11 451;82 %?_Im;d (6/4 (_}HZ), the drift must be kept gwthm +0.1° and for
: Z Satelll_tesc»l, V\Tlghm *0.05° so that north-south station
: quired. These are carried out b f thruste
ets once out by means o r
J every few weeks. The extra weight added by the fuel needed for the

rth— o :
no KSOUth’ corrections is a major. factor in the cost of the launch.
epler’s laws apply for

- for bodies that are perfectly spherical. The earth
g}fgiztzaf::g; f‘cg?ue Sphencal‘ shape, a flattening occitring at the poles, and
of the earth resuf:umference 1s not quite circular. Overall, the nonsphericity
two gravitational S 11(11geostat10nary satellites drifting eastward toward one of
105°W and 7505;3 nodes Separated. by 180°. These are located at longitudes
bee > and are sometimes referrgd to as satellite graveyards

-au“se satelhtgs that are-out of commission tend to drift toward these as
their ﬁna£ resting place.” The longitudinal tolerance is also +0.1° for C band
and *0.05 fo'r Ku band satellites; so that east—west station keeping maneu-
Vers are required in addition to the north-south maneuvers. These are also
carried out once every few weeks, but require considerably less fuel than the
north—south maneuvers. Typical satellite motion is shown in Fig. 19.9.1.

0.04 -
0.02 -
3
2 000
3
-0.02 I~
-0.04 [~
| ! | L 1 1 1 |
-0.04 -0.02 0.0 0.02 0.04
Longitude
< - 50 km —

Figure 19.9.1 Typical satellite motion. (from Telesat Canada,
1983, courtesy Telesat Canada.)
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To maximize transmission and reception, the direction of maximvm gain of
the earth station antenna, referred to as the antenna boresight, must point
directly at the satellite. To align the antenna in this way, two angles must he
known. These are the azimuth, or angle measured from the true north, anq

the elevation, or angle measured up from the local horizontal plane, as shown
in Fig. 19.10.1.

Satellite

e S i e
o

Horizontal planc
at carth station

Figure 19.10.1 Angles of azimuth Az, and elevation El, measured
with reference to the local horizontal plane and true north.

The azimuth and elevation angles are usually referred to as the look
angles. In addition to the look angles, it is often necessary to know the range

or distance from the earth station to the satellite. The earth’s constants
needed in these calculations are

Mean radius: R = 6378 km (19.10.1)
Radius of geostationary orbit: Cogo = 42164 km (19.10.2)

In addition to these constants, the other pieces of information needed to
determine the look angles and the range are

Satellite longitude, ¢g
Earth station longitude, ¢
Earth station latitude, Ap

The conventions used in the calculations are that east longitudes are
positive numbers and west longitudes are negative numbers (measured from
the Greenwich meridian). Latitudes are positive measured north and nege-
tive measured south from the equator. Certain rules known as Napier’s rules,
which apply to spherical trigonometry, must be used in these calculations.
Figure 19.10.2(a) shows the situation. SS is the subsatellite point (which
must lie on the equator for a geostationary satellite), and ES is the earth sta-

tion. which for clarity is shown in the southern hemisphere. A property of
gpharical triangles is that all the dimensions including the sides are in angu-
lar measure. Angle a is measured from the north pole to tha subsatellite

—————

s —
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mten

(b) ()

Figure 19.10.2 (a) Geometry used to calculate look angles and
range for a.geostationary satellite at S. (b) Spherical quadrantal tri-
angle obtained from (a). (c) Plane triangle obtained from (a).

e
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satellite is on the equator, a = 90°, Becg

oint, and since the sub - : :
fs)ides is a right angle, the spherical triangle is referred to asuze one of g,
quadantal

gpherical triangle. ) )

P Angle B is the difference 1n lo.ng1tude }?etween the earth statiq
satellite longitudes. Keeping 1n mind the sign conventions refet're(;l ti)ndbeub'
al Qve’

angle B is given by
B=d¢p— ¢
E y (19.10.3)
ping in mind that southern latitudes are assigned negatiy
e val-

Also kee .
ues, the angle ¢ is given by

c=90°— A\
% (19.10.4)

For example, if A\g = 30°S, then ¢ = 120°
Knowing angles B and ¢, angle A can be found by the application of -

tain of Napier’s rules. For the quadrantal triangle these result in A bejp
g

obtained from
tan A —tan [B|
anA =—"—

The azimuth can be determined once angle A is known. Four situationg

must be considered; these are shown in Fig. 19.10.3. For these situations, the

azimuth is given by

Ap<0 and B<0, Az=A (19.10.6)
Figure 19.10.3(b): Mg < 0 and B >0, Az = 360° — A (19.10.7
Figure 19.10.3(c): Ag > 0 and B<O, Az = 180° + A | (19.10.8)
Figure 19.10.3(d): Az >0 and B>0, Az = 180° - A (19.10.9)

Figure 19.10.3(a):

’I.‘hes.e equations do not take into account the special case when the earth sta-
tion is on the equator, and determining the look angles for this situation is

left as an exercise for the reader.
To find the range and elevation, it is first necessary to find the side

(angle) b of t ' ier’
th;il i)hatof he quadrantal triangle. Another of Napier’s rules can be used to

cos b = cos Ay cos B (19.10.10)

This éﬁgi%zszhzafagp w be transferred to the plane triangle, Fig. 19.10.3(c).
It will be noted that 1:1}111s of the’ eart}} at the given latitude of the earth station:
azimuth. The shane ofete}alarth s rafilus does not come into the calculations for
spheroid rather t}fan a erfearth is more closely approximated as an oblate
latitude and the surf: perfect sphere, for which the radius is a function of
fectly spherical ea rthace represents mean sea level. The assumption of a per-

and ignoring earth station altitude introduces about 2
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N
N N
, ‘
ES
AI

(a)

(b}

N
l N
.
(c) (d)
Figure 19.10..3 Azimuth angles for four possible situations: (a)
ea?th station in the southern hemisphere, west of the subsatellite
point; (b) earth station in the southern hemisphere, east of the sub-

satellite point; (c) earth station in the northern hemisphere, west of

the subsatellite point; (d) earth station in the northern hemisphere,
east of the subsatellite point.

tenth of a degree error in angle of elevation, and a few km at most in a range
of about 40km. For our purposes the assumption of a spher.xcal. earth and.
ignoring earth station altitude is quite adequate. The mean radius is taken as:

R =6371km (19.10.11)

the cosine rule to the plane triangle gives the range d as
e

Application of " o

d= RZ’*‘G%;SO—ZRagBocosb f
1 or
ed from application of the sine rule

etermin
The elevation can now be d

- ig vields
plane triangles. This y1 a .
o .

g x ?

: are illu
utations
These comp

Mathcad.
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r'EXAMPLE 19.10.1
0° S and longitude 30° W ig wo

at latitude 2 ) a s
geostationary satellite situated at longitude 30° E. Determin]:nglinh a
angles and the range. N 1°°k

ag:= 42,164 km

Constants: R := 6371 km,
Given data: &g:= 30°, g = —30% Agi= —20°
Computations:
B:=¢p — g Eg. (19.10.3)
~tan (|B))
A :=atan|— Eq. (19.10.5)
sin(\g)

Aza :=if[A\g < 0)- (B <0),A4,0]
if (A <0) - (B> 0),2m — A, 0]

Azb :
Azc:
Azd = if[Ag > 0) - (B>0),m™—A,Q0]

Il

if [(A\g > 0) - (B <0), 7+ A, 0]

Since only one of these will be other than zero, the azimuth
setting canbe founq by

Az :=Aza + Azb + Azc + Azd, Az = 78.8°
b := acos(cos(A\g)cos(B)) Eq. (19.10.10)

e BT T o
d: \[R + az — 2Rag, cos (b) Eq. (19.10.11), d = 89,572 km

a
Kl = £ 5
acos( y sm(b)) Eq. (19.10.12), El =19.9°

L

A ’plot of azimuth and elevation for an :
::iﬁﬁzlt.; :z:inihcity is ghown in Fig, 19.10.4.‘31;3‘1:11'1 :z:glieloggiﬁgin:t ttlkllz
requires-two drijeexf‘;atlon angles must be adjusted independently, v’vhich
is termed a polar otors. Many domestic (backyard) installations use what
installed so that thmou{lt"Wh}Ch employs a single drive motor. This can be
occur for satellites ) ple}tmg 18 accurate for one satellite, but pointing errors
lowed by the ante on either side of this. Figure 19.10.5 shows the arc fol-
Figure 19.10.6 sho nnlf boresight compared to the true geostationary arc.
The antenna W8 how a polar mount antenna is installed.
north and elevza\t,edls st nstalled so that its polar axis is pointing to true
. 80 that its boresi . POILIDE .
Plane. Assuming g gpher: 1ts boresight is parallel to the earth’s equatorial
and i’ts complement, II}B Znialgeoﬁrth» the earth station latitude is A as shown,
earth’s axis, the angle « also ~ Ag. Since the polar axis is parallel to the
appears between the polar axis and the normal ©0

A Arv—
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Figure 19.10.4 Azimuth—elevation angles for an earth station
location 48.42°N, 89.26°W (Thunder Bay, Ontario). Ku band satel-

lites are shown.

the local horizontal plane. This is shown in detail in Fig. 19.10.6(b). It follows
therefore that the angle between the polar axis and the local horizontal plane is

B=90° -«
(19.10.13)

=)\E

Thus the first adjustment to make when installing the antenna is to point the
polar axis to the true north, and adjust the elevation of the polar axis to be

equal to the earth station latitude.
- As shown, this points the boresight parallel with the equatorial plane.

The antenna dish is now tilted to make the boresight intersect the geostation-
ary arc. For this intersection, there will be zero pointing error, but errors will
be introduced for satellites at either side. The intersection can be at any point
on the arc, but to spread the error evenly on either side, it will be assumed to
meet the arc at a point directly south of the earth station. The angle of tilt d is



20° Parallg|

10° Parallet
A4

Equator

10 - 40°

L] ]
Q80" 70° 6o 50

Polar mount are

Equatorial arc

4

Earth station
aligned
on satellite

Figure 19.10.5 (a) Geostationary arc and (b) arc followed by a

polar mount antenna.
(The tilt angle is sometimes referred to as the

used here to avoid confusion with mag-

adily found for this situation.
metry is shown ip

re
declination, but the term tilt will be
netic declination used in compass correction.) The geo

Figure 19.10.7. From this, the angle of tilt is seen to be given by

8=90°-El -, (19.10.14)

But from Eq. (19.10.3) for a point due south, the angle B = 0, and hence
This in turn can be substituted into Eq. (19.10.13)

from Eq. (19.10.10) b = Ag.

to get
%gso (19.10.15)

cos Ll =

Thus, in terms of earth station latitude and distances only, the angle of tilt is

given by
3 =90° - acos(@ sin )‘E) - \g (19.10.16)
A d
- hould
Evaluation of s for a range of latitudes is left as Problem 19.11. It 8

_ . s may be
be noted that in practice, rather than calculating s, the installation



Boresight

Local horizontal
plane

Equatorial
plane

(a)

Polar
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Installation of a single-drive antenna. (a) Antenna

Figure 19.10.6
1 to tht equatorial plane. (b)

boresight adjusted to be paralle
Geometrical relationships.

optimized by adjusting the » . : _

satellite naarast Torth gd antenng for maximum received signal from a

into the error st e e south point. This will introduce some asymmet

station longitudiryi’l E;.Sn; functuz}xi of displacement east or west of the earlgl

‘ : case, the attenuation :

error : resulting f : e

i }s generally quite small and may only be signifi g Irom b.he. pointing
ity for the earth station. gnificant at the limits of visi-
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;I‘lihere are well-defined frequency bands allocated for satellite use, the exact

€eqQuency allocations depending on the type of service (for example, mobile
communications and broadeast). The frequency bands also differ depending on
the geographic region of the earth in which the earth stations are 1oca‘ofad.
Frequency allocations are made through the International Telecommunication
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the C band
ds at present are and g,
idely used tk});nc pand are norr.unally at 6 GH ang
- in GHz. The band is sometimes referreq
downlink transmission . :ons in the Igulgagcllrl take place n
w ; . : :
t; as the 6/4 nggﬁl;d;“d downlink 11 dthgg;z%zg I%u s ?;‘Oin:hbefmg
1 1 The esl e fact,
the region of GHz band. ( e
14/12 " nd known as the and, and },
ferred to as the 14 micr ‘ d the
tr;l(iat this frequency 13 urslie;u&}b script.) For cach band, the bandwidth available
.. sometimes shown & '
u is SO od, toe ot gner_frequenCy range is used for iy,
" o tiOI; B reversed, the higher frequency bemg. used
uplink (very rarely the &7 for using the higher frequency on the uplink ig
for the downlink). The reason ‘l higher frequencies, and it is much easier ¢,
that losses tend to be greater 2 . rather than from a satellite to com-
increase the power from.an earth station

pensate for this. le bandwidth, polarization discrimination
the available . '

- To make the I;losrts()fonder channels can be assigned alternate polariza-

is used. Adjacent transp Figure 19.12.1 shows the frequency

; ; ] and vertical. .
tlo:llS, flor rief;?;glz glnf%intt}?e ?}nband in the Anik-E satellite. The 24 transpon-
(ail:elr cpl;)ainzls are first of all formed into two groups of 12, labellec A and B

transponders. The downlink signals for group A ir:hhozlizsofslzilg Olzrzlallrlzgd
and for group B vertically polarized. Thus, althO}lg IR il r; ap
the transponder bandwidths, the different polarizations prevent interference
from occurring. For example, transponder 2A has a center frequency of
3760 MHz, and its bandwidth (including guard bands) extends from 3740 to
3780 MHz. Transponder 2B has a center frequency of 3780 MHz, and its
bandwidth extends from 3760 to 3800 MHz. The use of polarization to
increase the available frequency bandwidth is referred to as frequency reuse.
It will also be observed from Fig. 19.12.1 that the uriink signals in each
group are polarized in the opposite sense to the downlink signals.

Right-hand circular (RHC) and left-hand circular (LHC) polarization
may also be used in addition to vertical and horizontal polarization, which
permits a further increase in frequency reuse. The Intelsat series of satellites
utilize all four types of polarization.

For each band menti

3A 4A SA 6A 7A 8A 9A 10A 11A 12A Polarization

3720 | | 3760 | | 3800 3846 3880 | | 3920 | | 3960 | | 4000 | | 4040
] |[5945]( |[5985]| |(6025]| [[6065]| ([6105]| |(6145] [6185]] |[6225]

4080 4120 4160 Horizontal
[6265]| |[6305]| |[6345]| |[6385] Vertical

—

= downlink center frequency A transponders
| = uplink center frequency

1B

2B 3B 4B SB 6B

3740 [ | 3

[5965]| |[6005]f |[6045]

| 7B 88 9B 0B 11B  12B Polarizatiol
780 | | 3820 -

4060 | | 4100 | | 4140 | | 4180 | Vertica!
[6285)| |(6325)| |163651] |16405]| Horizon®

B transponders

o
F‘M‘n‘\ TN a~
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The word
trans o : :
the eqUipmentpc }’::s; ells i(})lmed from transmitter—responder and it refers to
antenng With the t through the satellite that connects the receive
€ transmit antenna. The transp

uni i
1t of €quipment, byt consists of go

Power
Inqut gain Output
demultiplexer blocks multiplexer

'

2 |— 3760 —>
3 —>=— 3.800 —>

4 |———p 3840 —>

2l 5§ (—> 3880 —
'\
From receive = o » | Widaband R 8 [— 3.920 —
5.925- receiver > :
5426 x| 6.425 GHz 43'3{ 7 }b—> 3960 —> To transmit
5.925-5.425 GHz .2 GHz

antennas

3.7-4.2 GHz
8 ——> 4.000 —>

9 P> 4.040 —>
10 p—— 4.080 ——>-
11— 4,120 —>

12— 4,160 —>

Center
frequencies
GHz

(@)

- 500 .
Vertical polarization
4 ——>— ,-‘36“’-
61’05 61{45 61‘?5 ///
|
+ l 1 }
6085 6125 6165

Horizontal polarization
(b)

i der channels. (b)
Figure 19.13.1 (a) C band satelht(‘a tx:anspon
S;ilil:n of an uplink frequency and polarization plan. Numbers refer to

frequency in megahertz.



/ Mg S 7

Chop. 19 o
\'(i[;onp
<=

o 19.13.1(b) the typical f

alite un(l [t
) I for @ G 1\:\““ ""““ lh“ ! nQV
channeis { ‘ . )
: Jz 18 wlable at t

us:n};mnvnts _— m(lwi(“‘ of 500 MHz 18 z%vx able at the C 1)and
a basic D % .;pun(l("‘ chnnnul.‘s and correspondin fre.

B to
an

']‘vpu'ull}‘.
& encomps
uplink? fre
Thig input Tt
1inut noise

v & o transpPe y
N all th o of 5.920 Lo 6.426 GHz, as shown ;
20 O is puBSL‘(l through a Widebandmb Pig.
P . terference and then on to a Wi;] {:nd“
BPE) 10 . _conversion e
which provides @ frequency (}gwnt(l::)cncgmmonc;)mmon to all chae:1 !
eceiver, o 6 > B . -
“uv“"‘l‘h widvbm\d roce go provi “‘t, factor si O{N noise ampliﬁcn
& s . " ) '
at the input to I salls y signa _tO-nmse ratj &
. : it frequency range 1s 3.7 0, ag
the Section % The ! ideband recei 10 4.2 gy
downlink fre . lllevels - sho“::elYer is shown IZI;
9 in B 9.18.: i signa ni .
more detail 1n Fig. 19.13.2. 'I‘ypm_a gn . : 'n ‘declbels ot
jve antenna. ¢ overall gain is provideq a-
ed ip

tive to the signal level at the rece
range and the other at :
) g the output fyq.

e at the input frequenc " '
18 g for a more stable arrangement and
his make Prevents gs.r.

rise if the gain Was provided all at one frequency

are used throughout. range.
band receiver 18 critical to all transponders, a redy
ntially a backup receiver that is Switc}? da'.lt
automatically if the other fails. An input demultiplexer following the e(.i -
band receiver is an arrangement of microwave circulators and filters th oy
arates the 500-MHz band into the separate transponder channel band at sep-
A typical transponder bandwidth is 36 MHz, or 40 MHz includi Widths,
bands,'as shown in Fig. 19.13.1, although other values are com nE guard-
Following the demultiplexer, power amplifiers are provided for thm_o nly y SEL
which. brings the power levels up to thoseimd}‘ﬂdual
ownlink. The power levels are shown in Figecilgrleg)d;or

\nwnci( N
mput {
19. 13.1(:\)_
pass filter (

nels.
tion needed
described in
which 18 the

quency band.

two sections, on
quency range. T
lation, which might a
Solid-state amplifiers

Because the wide
receiver 18 provided. This 1s esseé

transponder channels,
retransmission on the d

Redundant receiver

-
1
|
|
|
|
|
|
|
|
|

o |

) |
————————— -

From input

filter -—»—&?
To input
demultiplexer

Preamplifier
Aleifier J——

=-1.5d8



(86T YeIp [BUY ‘GG ¥ 1998 ‘61 'd yoogpu

Jo Ase3mo)) “1apuodsue) & Ul s[eAd] tomod dane[el reord4y,

D S2010.428 2}1]]210S P

ax1,] Y100 910D
g'er'gl 2an3Lg

Jaxapdninw £ Ja|dnod gpP € €

saydwe g 13A13231 pueqapim Z

(uonisod 1amo|) J0lenuaNie G 4311y Indut 1

px3|dninwap ¢ |12A3] 8ouai3j3s gP 0

8prPs'col 4} 8p 0S 09 [ -
H ! ! I ]
| H ._ ' | i
| | i I |
| | | | |
I I ) 4 |
[ [ | [ i
! I | | |
sl I | | |
L ._ | | |
t ! ! [
I ! ! I
| ! |
_ |
“ & i
“ _
14 X T “ aw
=1

|
|
€ il
1

)

©
(=]

-l

_‘y-_—-———--——-———-——-___



Chap. 10 / Sateiite CommUn;Cat
~Algn,

‘ ., may be used by a gip,
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11 guch as a TV signal or an FD\ telg rig,
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al. It is als d to different carriers, Ty, .

8

’ . 1ths, which ar r known as frequen, .
smaller bandWJdd ]of' accessing @ one scherr/: quency dijyjq.
a metho Ma). Figure 19.13.4 sh.OWS _ leme in whic, gl on
I;Dny channels may be assigned in the 36-MHz bandWidz‘?\m
ony che -

The ¢ransponde

ulated with a wid
]

mod .
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multiple access (
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1 2 3 1 : A
} 4 |
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A

Figure 19.13.4 Channeling arrangements for Intelsat SCPC system,

A problem that arises with FDMA is that of nonlinearity in the pow
amplifier. The transfer curve for a typical high power amplifier is showp er
Fig. 19.13.5. This is seen to be nonlinear, and operation in the nonlip N
region near the peak results in a form of distortion known as intermodulat?ar
distortion when multiple carriers are present, such as occurs with FDMAlon
earlier satellites, microwave tubes known as traveling wave tubes ( o
provided the required power amplification. These tubes continue ts bTWTS)
becfause they‘ provide high power output at wide bandwidths. but 0 be used
sohd;staﬁe high-power amplifiers (SSHPAs) are being devé] u dt‘%‘l”aduall.y
application. Compared to TWTAs, the SSHPAs cannot deli ope for' this
power output, but they produce less intermodulation distortisriver e

p
out A ] da
compression
point
Vi Saturation
R . point

/




Uplink Power Budget Calculations

735
The peak point on the cur
the sat

uration point. Wh ve for sing.le carrier operation is referrgd to as
backed of fu ni? . }T 4 en Fnultlp'le carriers are present, the power 'mpu‘g is
which red oL Le Saturat.lon point .to avoid the worst of the norﬂmegnty,
€l reduces intermodulation distortion to an acceptable level. Appropriately
enough, the term backoff is used to describe this operation. There is an input
backoff with a corresponding output backoff which typically is about 5 dB less
than the input backoff. Where the carriers in an FDMA system transmit
equal powers, the power in each carrier must be reduced by the input backoff

amount, usually expressed in decibels.

Once the individual transponder signals have been amplified to the
required power levels, they are combined in a multiplexer to form a wideban'd
signal covering the downlink frequency range of 3.7 to 4.2 GH;:, and th1§
wideband signal is radiated by the transmit antenna or antennas. ' =
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