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Main types of satellite

o Astronomical satellites: used for observation of distant planets,
galaxies, and other outer space objects.

o Navigational satellites [GPS, Galileo]: they use radio time
signals transmitted to enable mobile receivers on the ground to
determine their exact location.

@ Earth observation satellites: used for environmental
monitoring, meteorology, map making.

o Miniaturized satellites: satellites of unusually low masses and
small sizes.

o Communications satellites: stationed in space for the purpose
of telecommunications. Modern communications satellites
typically use geosynchronous orbits, or Low Earth orbits (LEO).
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Signal processing elements

Analog and digital signals

Analog information signal

|

Analog representation
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Digital information signal
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Digital representation
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Characterization

’ Analog signal ‘ Digital signal ‘
Bandwidth [Hz] Bit rate [bit/s]
Signal to Noise ratio (S/N) | Bit error rate (BER)
Bandwidth of the underlying channel [Hz]

Going digital because:
@ possibility to regenerate a digital signal
@ better bandwidth usage

o analog PAL television signal: bandwidth of 8 [MHz]
o digital television, PAL quality ~5[Mb/s]

e With a 64-QAM modulation, whose spectral efficiency is 6 b/s
per Hz. 8[MHz] allows for 48 [Mb/s].

o Therefore, there is room for 10 digital television instead of one
analog channel.



] Types of data \ Characteristics
Control data Must be very reliable
Measurements Accurate signals with constant monitoring

Remote sensing | High volume of downstream data

Localization data | Accurate time reference (synchronization)
Broadcasting Television channels

Payload Unicast communication for mobile ground station




Data encapsulation: OSI model

Application Process | |---------- Data [---==n=an= » Application Process n

i ol

7: Application Layer g -~ Iml ————————— 7: Application Layer

6: Presentation Layer

5: Session Layer

3: Network Layer

2: Datalink Layer 2: Datalink Layer
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-------- Logical Connection in each Layer

Data Transmission

System | System 2

[ F.calisation of the communication



Elements of a communication channel

Baseband Source Carrier Multiple Transmission
Formatting [Combining| Modulation Access Channel
Source
Source Multi- Multiple
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Analog Coding | 14 Plexer Modulator Access
Voice '
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Information theory and channel capacity

Theorem

[Shannon] The capacity of an Additive White Gaussian Noise
(AWGN) channel is

C = Wlog, <1+fl) (1)

where W is the bandwidth occupied by the signal, S is the signal
power and N = WNy is the Gaussian noise variance.

Let R be the bit rate and Ep, the energy per bit (in joules), we have
5= EbR, and

E, R
=Wl 1+ —— 2
c—wiog, (1+ 52 %) @)

The ratio % is the spectral efficiency expressed in [b/s] per [Hz].



Bit/packet error rate

Assume a packet of size N and let P, be the probability error on
one bit.
The probability for the packet to be correct is

(1—Pe)" (3)
Therefore the packet error rate is
Pp=1—(1—P)V (4)

For large packets and small P,, this becomes
Pp~1—(1—NPs)=Nx P, (5)

With N = 10° bits and a bit error rate of P, =107, Pp ~102.




Forward Error Coding

A simplistic example of Forward Error Coding (FEC) is to transmit
each data bit 3 times, known as a (3,1) repetition code.

Comparision of BPSK modulation and repetition codes with different repetition factors

10 =
— Theoretical bpsk .
—— Practical bpsk .
—— Repetition factor =3 ||
T —*—— Repetition factor=5 [
10° t‘f‘\\(:\" ke —L— Repetition factor=7 |_|
i =5 —5— Repetition factor-9 [
=S
- - Bl S T,
Triplet received | Interpreted as ‘ \gg&
000 0 (error free) E 10° %
001 0 T
s
010 0
100 0 107
111 1 (error free) =S
110 1 G
101 1 1o°
0 1 2 3 4 5 6 o 8 9 10
011 1 SNR




Other forward error codes

@ Hamming code
o Reed-Solomon code
@ Turbo code, ...

10 T T T T T T T T T 3
: —— R=0.33, AM(8.4)° |
—— R=0.52, AM(16,11)? |

% —%— R=0.68, AM(32,26)°
10 — — Uncoded QPSK E
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1
o
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107 i J
- 30
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N
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10 RS(PI57) 8 MR i ij i iiiiiiiiiiiatiniiiiziiitidii
Convolutional Code - - S Lt
/ RA=039 2 N
10°E # 3
-7 1 1 1 1 1 1 1 1 1
1
%0 1 2 3 4 6 7 8 9 10
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Modulation

A cosine cos(2nf.t) is the carrier. s(t) is the modulated signal
s(t) = A(t)cos(2rf(t)t + ¢(t)) (6)

e A(t): Amplitude Modulation (AM)

M
Y
W0 4w f
(a)
\IS(’f)H
s(f+f) | A:8(f - f2)

BLS  [e--eeeeeeedemeeeaeas

e

CfomWefe —fAW 0 f-WF LW
(®)

e f(t): Frequency Modulation (FM)
e ¢(t): Phase Modulation (PM)
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Demodulation

Spectre AM Spectre de la porteuse
A f2 A2 1/2 1/2
i i Mélangeur I I
~f. 2 \]/ . U g

Spectre du signal mélangé

4‘{"‘1 i “l'"‘l
_of W
T
e

Spectre du message
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Basic digital modulation techniques

t
OOK - On-Off Keyin
A A A A ying
V V = also called ASK, (amplitude-
shift keying)
= binary signal is used to switch
carrier on and off
ANAA AA A FSK -Frequency Shift Keying
V V V = binary signal used to FM the
carrier, fy for a binary 1, f, for a
binary 0
BPSK -Binary Phase Shift Keyin
AAAMAIANAMA v ving

used to produce 180° carrier phase
change

‘ V V V V u V V V I V = polarity changes in binary signal



Quadrature modulation

It is possible to use both a cosine and a sine with a unique

bandwidth.
s(t) = si(t) cos(2mft) — sg(t)sin(2mtct) (7)
sr(t) sr(f) cos (2 f.0)
cos (2 f.)
série Ex]
it
'“:'r] — v v ':l&—lj.'—'b- "”:'r]
parall &le Elf r—
8N (27 f)1
~(X)

sq(t)



Quadrature demodulation

s(t) = s;(t) cos(2mf t) — sg(t)sin(2rf.t) is the modulated signal.
We want to recover s;(t)

e Step 1: multiply by cos(2nf.t)

s(t) x cos (2nf.t) = s;(t) cos? (2nf, t) — so(t)sin (2xf.t) cos (2xf.t)

_ %sl(t) + %s/(t)cos(Zir(ch)t) - %SQ(t)sin (27(2£.)1t)

@ Step 2: filter to keep the baseband signal

1
Esl(t)

e Steps 3 and 4: multiply by sin(2nf.t) and low-pass filter to get
sq(t)
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Multiplexing: combining several sources

e Frequency Division Multiplexing (FDM)
@ Time Division Multiplexing (TDM)

e Code Division Multiplexing (CDM)

@ Space Division Multiplexing

°

+ combinations !

FDMA TDMA CDMA
. .. ... ° (-]
= e o
g £le ® o ° °
[+] [+]
o e o [-]
@ o
Time Time Time
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Frequency Division Multiplexing (FDM)

/ -h  h
?@ - m —I‘ .'}
l —h f2 f
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Signal m Il[l
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Demultiplexing

Signal multiplexé

ALIAALIA

—fr —fo —
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Time Division Multiplexing (TDM)

ajala ajajaj
bbb . ~la|k|cjalb|cja|b
J—l—l—l-)- Multiplexer [210jejaljcjalnle] Demultiplexer M
cle|e . , .
L High-bit-rate multiplexed data £leje
Low-hit-rate stream is transmitted across a Low-bit-rate
input lines single high-capacity channel output lines to
from different different users
SOUrCes
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Spread spectrum for Code Division Mulplexing

Principle of spread spectrum: multiply a digital signal with a faster
pseudo-random sequence.

Séq

Signal binaire (données) B
‘ J
L I, ||
{un bit) wow - f
uence d'étalement B(f)
e ;
i mim i e
—
1.
Signal étalé B{f)
I A ;
ij i e

At the receiver, the pseudo-random sequence is generated and used

to despread

the signal.



Code Division Multiple Access

Code

Channel

[ User 1
] User2
[ 1 Free

Frequency
Time



Baseband Source Carrier Multiple Transmission
Formatting Combining Modulation Access Channel
ANALOG SSB/SC FDM FM/FDM
:‘ODI% — DSB/SC SCPC, MCPC
DIGITAL __, T\l(fg' FSK
%TCAEN\DEO TOM BPSK, QPSK
CvsD QAM
ADPCM

W

— g"gfce ™ l;/llultl— M Modulator I/\)\Aultlple 1| Transmitter
Source oding ||} Plexer ccess

Uplink m

-- { Satellite I
Downlink ‘/l
| | Demulti- |,|] De- | Multiple
| | Plexer Modulator Access
.

]
]
]
]
]
--
]
]
]
]
]
]

Source
Decoder

—

[

Receiver I

Destination
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Background
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Satellite link definition

<
™S~
HALF-CIRCUIT HALF-CIRCUIT
> 7/
Satellite
S
UPLINK DOWNLINK
Earth Station Earth Station
A B

CHANNEL - one way link fromA —BorB—A
CIRCUIT —full duplex link - A =B
HALF CIRCUIT —two way link— A > SorS— 2B
TRANSPONDER - [> basic satellite repeater electronics,
usually one channel
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Frequency bands

Frequency (GHz)

L-Band

n
|
[

S-Band
C-Band
X-Band
KyBand
K-Band

no® A
I
[T 1

_.
@
|
[

27 —

Ka-Band
Q-Band, V-Band, . ..

40 —

D20 2N T 2R R

300 —

But it is better to designate the carrier frequency directly



Regulatory bodies

e International Telecommunications Union (ITU):
Radiocommunications Sector (ITU-R)

24

Region
2 Region Region

1 3

@ service regions

o organizes WARC (World Administrative Radio Conference) -
worldwide allocation of frequencies

@ Regional body: European Conference of Postal and
Telecommunications Administrations (CEPT)



Extract of

the allocation plan/radio spectrum (by the ITU)

1610-1670 MHz (UHF)

55.369 55.371 55.372

55.372

55.341 55.364 55.366 55.367 55.368 55372 US208

1610.6-1613.3
MOBILE-SATELLITE
(Earth-to-space)
RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION

§5.149 55.341 85.355 55.359

55,368 55 369 55371 55 372

1610.6-1613.8
MOBILE-SATELLITE
(Earth-to-space)

RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION
RADIODETERMINATION-
SATELLITE (Earth-to-
space)

55.149 53 341 55.364 55.366
67 55.368 55.370 55.372

1610.6-1613.8
MOBILE-SATELLITE
(Earth-to-space)

RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION
Radiodetermination-satellite
(Earth-to-space)

55.149 55341 55.355 55.359
55.364 35 366 55.367 55.363
55.369 55.372

1610.6-1613.8
'MOBILE-SATELLITE (Earth-to-space) US319
RADIO ASTRONOMY
AERONAUTICAL RADIONAVIGATION US2
'RADIODE TERMINATION-SATELLITE (Earth-to-space)

55.341 55.364 55.366 55.367 55.368 S:

2 US208

1613.8-1626.5
MOBILE-SATELLITE
(Easth-to-space)
AERONAUTICAL
RADIONAVIGATION
Mobile-satellite
(space-to-Eaxth)

341 55.355 55.359 55.363
364 55.365 55.366 55.367
368 55.360 55.371 55.372

1613.3-1626.5
MOBILE-SATELLITE
(Earth-to-space)
AERONAUTICAL
RADIONAVIGATION
RADIODETERMINATION-
SATELLITE (Earth-to-
space)
Mobile-satellite (space-o-
arth)

41 55.364 55365 55.366

1613.8-1626.5
MOBILE-SATELLITE
(Easth-to-space)
AERONAUTICAL
RADIONAVIGATION
Mobile-satellite (space-to-
arth)
Radiodetermination-
satellite (Earth-to-space)

350 55.364

55.341 55355 55..
66 55.367 55.363

55.365 S
55.369 55372

1613.8-1626.5

'MOBILE-SATELLITE (Earth-to-space) US319
 AERONAUTICAL RADIONAVIGATION US260
RADIODETERMINATION-SATELLITE (Earth-to-space)
Mobile-satellite (space-to-Earth)

5368 55.372 Us208

International Table United States Table Remarks
Region 1 Region 2 Region 3 Federal Governmen Non-Federal Government

1610-1610.6 1610-1610.6 1610-1610.6 1610-1610.6
MOBILE-SATELLITE MOBILE-SATELLITE MOBILE-SATELLITE 'MOBILE-SATELLITE (Earth-to-space) US319 Satellite
(Earth-to-space) (Earth-to-space) (Earth-to-space) AERONAUTICAL RADIONAVIGATION US260 Commnmunications (25)
AERONAUTICAL AERONAUTICAL AERONAUTICAL RADIODETERMINATION-SATELLITE (Earth-to-space) Aviation (37)
RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION

RADIODETERMINATION- | Radiodetermination-Satelfite

SATELLITE (Earth-to- (Earth-to-space)

space)
§5.341 §5.355 55.359 55.363 41 55364 55.366 55.367 | 55341 55.355 55.359 55364
55.364 55.366 55.367 55.368 63 55.370 55.372 55.366 55.367 55.368 55.369




Geosynchronous Orbit Low Earth Orbit
‘ (GSO or GEO) (LEO)
5 (36 000 km)

100—-400n. mi.

. - .
¢ circular orbit inequatorial plane circular orbits

~260 ms delay /™

~10 ms delay /.
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Background
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Radiowave propagation

Important parameters:
@ channel characteristics

e attenuation (distance)
e wave polarization
e rain mitigation

@ antenna design

@ power budget
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Inverse square law of radiation

The power flux density (or power density) S, over the surface of a
sphere of radius r, from the point P, is given by

5=t [W} (5)

 4nr? | m2



Effective Isotropic Radiated Power [EIRP]

Definition

The Effective Isotropic Radiated Power (EIRP) of a transmitter is
the power that the transmitter appears to have if the transmitter
were an isotropic radiator (if the antenna radiated equally in all
directions).

Therefore, at the receiver,

P = PeGEg (9)



Effective area

Definition

The effective area of an antenna is the ratio of the available power
to the power flux density (Poynting vector):

(10)

The effective area of an antenna is related to its gain by the
following formula

2‘2
Aetr = GEE (11)




Friis relationship

A
d ///j!
e

f\
| e
II&“I
Pe — N
We have {

Pr = Sefr RAef R
PeGe PeGe\ [ A2 2 \?
( A7 d>? ) eff R ( A7 d>? > <4n Gr = PeGeGR And

] Free space path loss \ Friis’s relationship ‘

2
— (A _ Pe _ (4nd\? _1
LF5_<47rd) E_PR_(/I) GeGR




Decibel as a common power unit

x > 10logyo(x)[dB] (12)
P[dBm] = 10log;, 113[[’,77:‘/“/‘//]] (13)

’ x [W] ‘10|og10(x)[dBW]‘

1[W] 0[dBW]
2[W] 3[dBW]
0,5[W] —3[dBW]
5[W] 7[dBW]
10"[W] | 10 x n[dBW]




Are high frequencies less adequate?

In [dB], Friis's relationship becomes
£€=32.54+20log fiI\/IHz] +20log d[km] — Gg [dB] — Gp [dB]

The attenuation (loss) increases with f. So 7!



Are high frequencies less adequate?

In [dB], Friis's relationship becomes
£€=32.54+20log fiI\/IHz] +20log d[km] — Gg [dB] — Gp [dB]

The attenuation (loss) increases with f. So 7!

but
)L2
AaT—-GEZE (14)
4nd\? 1 4nd\?% A2 A2
€ = = (15)
A GEGR A 47'L'AE 47TAR

A%d? c2d?

= 16
AcAr  fPAEAR (16)

It all depends on the antenna gains.



Practical case: VSAT in the Ku-band [1]

pt=10w _«—— r=35900km ——»
Pr

e o —— . ]

f=12GHz
di=3m d,=3m

Antenna gain: 48.93[dB]
The free space path loss is, in [dB],

Lrs =325+420 |Og fiMHz] +20 |Og d[km] =205.1 [dB]
The received power is, in [dB],

Pr =P+ Ge+ Gr — LFs (17)
— 10448.93+48.93—205.1 = —97.24[dB]  (18)

In [W], the received power is

Pr=10""1 =1.89 x 10 '°[W] = 189 [pW] (19)
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Terrestrial antennas
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Beamwidth and aperture

antenna pattern g, antenna gain

/ (at boresight)

——0 boresigh

1/2 power beamwidth
sidelobes (power 3 dB down from boresight)



Ground station antenna




Par

olic (dis

v

—

4 focal length ——»f

Radiation pattern

Gain_Taot[dB]
293
263
214

Gain_Tot[dB]
293
l 53
214
175



Deployable antenna

‘ Monitor camera far the sending antenna ‘

Monitor camera for the receiving antenna

{Referencel
“igwe of the monitor camera for the
recewing antenns




Horn antenna and waveguide feed

Gain [dE]




gi antenna

180+

210"

x
(a) Yagi Antenna Model
90
120 -7 ] T~80
P '
f )
\ 30
‘\__ ;'l \
N e
=2 ) o
%10 0 j0 20
.’.”_\‘\ / {dB)
/330
240

- - 300
270

(c) Yagi Antenna Azimuth Plane Pattern

120 . 60
AT Iy T Pri=g0
Dbl Do
.f-“l“\ /-:'/;' \
SN2

Phi= 270

~ 80
90

(d) Yagi Antenna Elevation Plane Pattern



Patch array antenna

(a) 4x4 Patch Array Antenna

120 60
150 - | ~Phi=0
! \ 30
/ o
| ~cl
180 1 '0\- 0
7 B0 /20
\ \ %:—'/mm
Y i
150 i /30
o Phi = 180
120~ —1
90

(c) 4x4 Patch Array Azimuth Plane Pattern

; .~ Phi=270
120~——1 —"60
90

(d) 4x4 Patch Array Elevation Plane Pattern



Phased array antenna




Radiowave propagation mechanisms

PROPAGATION OBSERVABLE
MECHANISM PARAMETER
Absorption Amplitude
Scattering Phase
Refraction
) ) Polarization
Diffraction
Multipath Frequency
Scintillation e
Dispersion
Angle-of-arrival




Earth atmosphere

¢ 3x10%[m/s]
M= =

I A

0% T T T
Dinm  inm II:mm |Dc|nm Ipm 1|:||.|m 1D3pm 1rv|n| cm Incm 1m 0

Atmospharic
Opacity
L

Wavelength

W7
Misible Light mgdf;w“ Radi Wevies o s Lang-vavelangth
Garnma Rays, X-Rays and Utavialet observable absorbed by froim Earth, et :ad;:ad\nkws
Light blocked by the upper stmosphere from Earth, atmaspharic gehet:
(bast shaarved from spnce). with=ame aasses (bost

aimosphanc  observad
distoriion. from space).




Attenuation due to atmospheric gas

10°
| -+
of
Range of Values.
102 | Total [
B I e
1| Altitude: 0 km (sea level) i 1 ]
2[-| Temperature: 15°C
Pressure: 1013hPa
Water Vapor Density: 7.5 g/m®
Q B s s e e Y A
E HLHH
& 2} Caption
5 1 1 Dry Air
g H,0
s sl Total
s ' TA\
i | / \
107 ]
s 7
I
|
2 |
0k Total =
s
of L LA !
H0 ‘
109 —
2 B B B 7 35
1 10 102

Frequency, f, in GHZ

Zenith attenuation due to atmospheric gases (source: ITU-R P.676-6)



Service Level Agreement (SLA)

Availability Exceedance

or or Percent of Time Parameter
iabili Out
F:?ggbgl;y u;ge .---~ is Equaled or Exceeded
— 99% 1.0% ‘
— 999 0.1 —
— 99.99 0.01 — . \ . :
—99.999 0.001

5 10 15 20
Parameter



Rain attenuation

110

—5
100_ .......... 7
——-10
90 - — =20
—-30
80

20 Elevation Angle (degrees)

60

50 4

Attenuation (dB)

40 1

30 -
20 - .

10 A

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr1rrorrororrrT
10 20 30 40 50 60 70 80 90 100 110
Frequency (GHz)

Total path rain attenuation as a function of frequency and elevation angle.
Location: Washington, DC, Link Availability: 99%



Cloud attenuation

15
i —5
-7
1 ——=10
] —-—20
— =30
— 10+
m
) ]
c
2 1 Elevation Angle (degrees)
ER
c
2 .
g -
//
E g
[®] 4
0 L I e B e |

10 20 30 40 50 60 70 80 90 100 110
Frequency (GHz)

Cloud attenuation as a function of frequency, for elevation angles from 5 to 30°
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Noise
Link budget

Engineering

The noise power Py is given by the Nyquist formula:
Py=ksgTW (20)

where

o kg =1,38 x 1072 [J/K] is the constant of Boltzmann
(—198[dBm/K /Hz] = —228.6 [dBw /K / Hz]),

@ T is the equivalent noise temperature of the noise source
@ W is the noise bandwidth

Marc Van Droogenbroeck Satellite Communications



Two-port device

Definitions
Noise Factor (F):

F= (%) >1 (21)
(%)
N/out
Noise Figure (NF):

Effective noise temperature T, (To = 290[K]):

Te TO(F ) (23)




Noise factor of cascaded stages

G Gz

N1 Nra

-'\'rcm!.'z = k"fIBGIGI‘E:\I‘FI t
kTBG(Nps — 1)

Nipa1 =kT'B ‘ Nouwin = kKT BG1NFy

N, =kTBGy(Ngi —1)  Nao = kTBGa(Npz — 1)
R




Receiver front end

e
e

Antenna Receiver

Rule of thumb: highest gain and best noise figure first.

Then
NF,—1 NF3—1 NF>, —1
NF = NF; - NF; 26
1t Gy * G1 G2 * L Gy (26)
T, T T,
e=Teat+ 24 =2 T+ -2 (27)

G1 G1 G2 Gl



Calculation of noise budget [1]

Low Noise - F
Amplifier —| Line Loss I @ s R

(ENA) A-3dB
G ,=30dB G=40dB
t,=60K NF=4dB Gpe=10dB NF=20dB

NF=10dB

o Low Noise Amplifier: T;4 =290 x (1010 — 1) = 438[K]
@ Line. For a passive two-part, F = A.

© Tiine =290 (1 1070 — 1) = 289[K],
o Grine = 5

The effective noise temperature, including the antenna noise, is

T | Te
Te=ta+ Te+— : 28
A+ 61+Gl+GlG2+ (28)

289 2610
=60+438 - =509.3[K] (29
Aﬁ—ﬁmooﬂoow{r Kl (29)



Representative values for the increase in antenna

temperature due to rain [1]

DOWNLINK UPLINK
C-band: 50-60K ~290 K, since satellite receiver antenna ‘sees’ the
K-, Kg-band: 60-80K full thermal radiation of the earth.

(a)
TYPICAL ANTENNA TEMPERATURE VALUES (NO RAIN)

Rain Fade Level (dB) 1 3 10 20 30

Noise Tempeature (°K) | 56 | 135 243 267 | 270

(b)
ADDITIONAL RADIO NOISE CAUSED BY RAIN
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Link budget: typical parameters for a communication
satellite [1]

| Parameter \ Uplink | Downlink |

Frequency 14.1[GH] 12.1[GHZ]
Bandwidth 30[MH:z] 30[MHz]
Transmitter power 100 —1000[W] | 20 —200[W]
Transmitter antenna gain 54[dBi| 36.9[dBi]
Receiver antenna gain 37.9[dBi] 52.6[dBi]
Receiver noise figure 8[dB] 3[dB]
Receiver antenna temperature 290 [K] 50(K]
Free space path loss (30° elevation) 207.2[dB] 205.8[dB]

Marc Van Droogenbroeck Satellite Communications
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For further reading

¥ L. Ippolite.
Satellite Communications Systems Engineering: Atmospheric

Effects, Satellite Link Design and System Performance. Wiley,
2008.

¥ J. Gibsons.
The Communications Handbook. CRC Press, 1997.

¥ Wikipedia.
http://wikipedia.org
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