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CHAPTER 4 =

SATELLITE LINK DESIGN

The design of a satellite communication system lis a complex process requiring compro-
mises between many factors [to achieve the best performance at an acceptable cost| We

will first consider geostationary satellite systems, since GEO satellites carry the vast
majority of the world’s satellite traffic.




INTRODUCTION

Figure 2.17 of Chapter 2 shows that the cost to build and launch a GEO satellite is about
$25,000 per kg. Weight is the most critical factor in the design of any satellite, since the

heavier the satellite the higher the cost, and the capital cost of the satellite must be re-

covered over its lifetime by selling communication services. Thg¢ overall dimensions of
the satellite are critical because the spacecraft must fit within the confines of the launch
vehicle. When stowed for launch, the diameter of the spacecraft typically must be less

\e [$Y

—than 3.5 m. Most large GEO satellites use deployable solar panels and antennas, but the

antenna reflectors require accurate surfaces and are not folded for launch. This limits the

maximum aperture dimension to about 3.5 m. As in most radio systems| antennas are a

limiting factor in the capacity and performance of the communication system.




’l:he weighf of a sételliie 18 d;iven by two factors: the number and' output power of
the transponders on the satellite and the weight of station-keeping fuel. As much as half

the total weight of satellites intended to remain in service for 15 years may be fuel. High
power transponders require lots of electrical power, which can only be generated by solar

cells. Increasing the total output power of the transponders raises the demand for electrical
ower and the dimensions of the solar cells, adding more weight to the satellite.

J

Three other factors mfluence system design: the choice of frequency band, atmos-
pheric propagation effects, and multiple access technique. These factors are all related, with
the frequency band often being determined by what is available. Tables 4.1 and 4.2 tabulate



Regions I, Il, and Ill are regions or tne earth’s surface defined in the International Telecommunication

Union’s Radio Regulations. Region | covers Europe, Africa, and northern Asia. Region Il covers North
and South America, and Region Il covers the remainder of Asia.

TABLE 4.1 Major Frequency Allocations for Fixed Satellite Service and
Broadcasting Satellites

Frequency Fixed satellite service Broadcasting satellites wp
2320-2345 MHz Radio broadcasting 177-18.8 Down
2500-2535 Down region II| 18.1-18.6 Down
2500-2655 Down  region I Down  region Il 18.6-18.8 Down regions | and il
2665-2690 Down region |l Down region || _ 18.8-19.7 Down
003700 ; Yo region Il Ii 21.0-275 Up regions Il and Il
- own
3700-4200 Down 21.5-295 Up
45004800 Down, up 30.0-31.0 Up
5725-5850 Up region | - 375-395 Down
5850-5925 Up region | 39.5-40.5 Down
2925-7075  Up 405-425 Down
7250-7450 Down, government - 125-435 Up
7450-7550 Down, government © 79502 Up
7550-7750 Down, government e
8215-8400 Up, government 50.4-51.4 Up
10.7-11.7GHz ~ Down Up  region | 71.0-785 i
11.7-12.2 Down  region II Down regions | and Ill 81-84 Down
12.2-12.7 Down  regions | and I, 84-86 Down
U.S. Direct Broadcast Satellite T 92-95 Up
12.50-12,75 Up region | and I, down region | 102-105 Down
12.75-13.25 Up
14.00-14.25 Up 149-164 Down
14.25-14.50 Up 202-217 Up
145-14.8 Up 231-241 Down
17.3-17.1 Up 265-275 Up

17.7-18.6 Down




Table 4.1 Major frequency allocations for fixed, mobile, and broadcast satellites

Fixed satellite service (FSS) Mobile satellite service Broadcast satellite service (BSS)
GHz GHz GHz
Uplink Downlink Uplink Downlink Uplink Downlink
312-315 MHz
387-390 MHz
455-460 MHz
1.452-1.492 (DAB)
1.518-1.530
1.535-1.559
1.610-1.675
1.980-2.100
2.120-2.170
2.320-2.345 (DAB)
2.250-2.535
2.485-2.500
2.655-2.670
2.670-2.690
3.400-3.500
3.600-4.200
4.500-4.800
5.725-5.850
5.850-7.075
7.250-7.750
7.900-8.400
10.7-11.7 11.7-12.7
11.7-12.2 (1)
12.75-13.25
13.75-14.8
17.3-17.8
17.8-18.1 (1)
18.11-21.2
17.8-20.2
21.4-22.0 (I, 1IT)
24.75-25.25
27.50-31.0
29.5-299
38.0-42.0
42.5-43.5
43.5-47.0
47.2-50.2
50.4-51.4
71.0-76.0
81.0-86.0




"TABLE 4.2 Major Frequency Allocations for Mobile Satellite Services

— SO O TR

Aeronautical Maritime Land mobile
Frequency mobile mobile and other services
137-138 MHz Down, shared
146-1499 Up, shared 1660.0-1660.5 Up
149.9-150.05 Up, shared 24835-2500  Down Down Down
399.9-400.06 Uy 500-5.25 GHz  Up Up Up
400.15-401 Down, shared 7.30-7.75 Up, government  Up, government  Up, government
H0E-4061 Emérgenw. b?amns 15.4-15.7 Down Down Down
890-896 Region Il (limited use)
Shared with cellar radi 20422 Down Down Down
1569-1610 Navigation satelite, down ~ 29.9-31.0 Up Up Up
1530-1535 Down Down region | only 39.6-40.5 Down Down Down
1535-1544 Down 43.5-45.5 Up, government ~ Up, government  Up, government
1544-1645 Down 45.5-47.0 Up Up Up
12:2*1223 = - 660-71.0  Down Down Down
1559-1610 Navigation satellite, down 34 Up U Down
1610-1625.5 Navigation satelite, up 010840 Down Down Down
1625.5-1631.5 Up 95.0-100
1631.5-1634.5 Up 134-142
1634.5-1645.5 Up Shared 190-200
1645.5-16465 Up Up Up 952065
1646.5-1656.5 Up
1656.5-1660 Up Regions |, I, and Ill are regions of the earth’s surface defined by the International

1660.0-1660.5 Up Telecommunications Union. (See Table 4.1 for an explanation of their geographic locations.)



Table 4.2 Major frequency bands for inter-satellite links (ISLs) and navigational satellites

MNavigation satellites
ISLs GHz Uplinks GHz Downlinks GHz
399.9-400.05 MHz
1.164-1.215
1.212-1.240
1.240-1.300
1.559-1.610
1.610-1.626
2.483-2.500
5.000-5.010
5.010-5.030
14.3-14.4
22.556-23.55
24.65-24.75 24.65-24.75
25.25-25.5
25.5-27.0
32.3-33.0
43.5-47.0
54.2-58.2
59.0-71.0 66.0-71.0
95.0-100.0




the most important frequencies allocated for satellite communications. The major bands are
the E /4 GHz, 14/11 GHz, and 30/20 GHz]bands. (The uplink frequency is quoted first, by
convention.) However, over much of the geostationary orbit there is already a satellte using
both 6/4 GHz and 14/11 GHz every 2°. This i the minimum spacing used for satellites in

GEQ to avoid mterference from uplink earth stations. Additional satellites can only be ac-
commodated if they use another frequency band, such as 30/20 GHz. Rain in the atmosphere
attenuates radio signals. The effect is more severe as the frequency increases, with little -
tenuation at 4 and 6 GHz, but significant attenuation above 10 GHz. Atenuation through
rain (in decibels) increases roughly as the square of frequency, so a satellte uplink operat-
ing at 30 GHz suffers four times as much attenuation as an uplink at 14 GHz.




Low earth orbit (LEO) and medium earth orbit (MEO) satellite systems have simi-
lar constraints to GEO satellite systems, but require more satellites which each serve a
smaller area of the earth’s surface. Although the satellites are much closer to the carth
than GEO satellites and therefore produce stronger signals, this advantage 15 usually lost
since the earth terminals need low gain omnidirectional antennas because the position of
the satellite is continually changing|LEO and MEO satellites use multiple beam anten-
nas to merease the gan of the satellite antenna beams, and also to provide frequency reuse.

Mobile satellite termnals must operate with low gain antennas at the mobile unit,
and at as Jow a RF frequency as can be obtained. The link between the satellite and the
major earth station (often called a hub station) is usually in a different frequency band as

it 15 a fixed link. Figure 4.1 shows an illustration of a maritime satellite communication
system using a GEO satellite and L-band links to mobiles, with C-band links to a fixed
hub station.
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FIGURE 4.1 A maritime satellite communication system.
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Figure 4.1 lllustration of a maritime satellite system using a GEO satellite. Ships are equipped with a
steerable, gyro stabilized antennas. Aircraft have phased array antennas.



C All communication links are designed to meet certain performance objectl@ usu-
ally a bit error rate (BER) in a digital Tink or a signal-to-noise ratio (S/N) in an analog
link, measured in the baseband channel. The baseband channel 15 where an information
carrying signal is generated or received; for example, a TV camera generates a baseband
video signal, and a TV receiver delivers a baseband video signal to the picture tube to
form the images that the viewer watches. Digital data are generated by computers at
buseband, and BER 15 measured at baseband.




The baseband channel BER or S/N ratio is determined by the carrier-to-noise ratio
(C/N) at the input to the demodulator in the receiver. In most satellite communications

applications, the C/N ratio at the demodulator input must be greater than 6 dB for the
BER or §/N objective to be achieved. Digital links operating at C/N ratios below 10 dB
must use error correction techniques to improve the BER delivered to the user. Analog
links using frequency modulation (FM) require wideband FM to achieve a large
improvement in /N ratio relative to C/N ratio.




The C/N ratio is calculated at the input of the receiver, at the output terminals (or
port) of the receiving antenna. RF noise received along with the signal and noise generated
by the receiver are combined into an equivalent noise power at the mput to the recerver,
and a noiseless receiver model is used. In a noiseless receiver, the C/N ratio is constant
at all points in the RF and IF chain, so the C/N ratio at the demodulator is equal to the
C/N ratio at the receiver input. In a satellite link there are two signal paths: an uplink
from the earth station to the satellite, and a downlink from the satellite to the earth sta-
tion. [The overall C/N at the earth station receiver depends on both links,{and both, there-
fore must achieve the required performance for a specified percentage of time. Path

attenuation in the earth’s atmosphere may become excessive in heavy rain, causing the
C/N ratio to fall below the minimum permitted value, especially when the 30/20 GHz
band 15 used, leading to a link outage.




Designing a satellite system therefore requires knowledge of the required per-
formance of the uplink and downlink, the propagation characteristics and rain attenuation
for the frequency band being used at the earth station locations, and the parameters of
the satellite and the earth stations. Additional constraints may be imposed by the need
to conserve RF bandwidth and to avoid interference with other users. Sometimes, all of

this information is not available and the designer must estimate values and produce ta-
bles of system performance based on assumed scenarios. It is usually impossible to de-
sign a complete satellite communication system at the first attempt. A trial design mus
first be tried, and then refined until a workable compromuse 1s achieved. This chapter
sets out the basic procedures for the design of satellite communication links, and in-
cludes design examples for a digital TV link using a GEO satellite and quadrature
phase shift keying (QPSK) modulation, and a LEO satellite system for personal
communication,




4.2 BASIC TRANSMISSION THEORY

The calculation of the power received by an earth station from a satellite trans-
mitter is fundamental to the understanding of satellite communications. In this section,

we discuss two approaches to this calculation: the use of flux density and the [link
equation.

Area Am?

Isotropic source
EIRP = P, watts

O — > \

Distance Am |

Flux density F watts/m?
FIGURE 4.2 Flux density produced by an isotropic source.



Consider a transmitting source, in free space, radiating a total power P, watts uni-
formly in all directions as shown in Figure 4.2. Such a source is called isotropic; it is an
idealization that cannot be realized physically because it could not create transverse elec-
tromagnetic waves. At a distance R meters from the hypothetical isotropic source trans-
mitting RF power P, watts, the flux density crossing the surface of a sphere with radius
R 1s given by

P,

F=——Wm’
4R~

All real antennas are directional and radiate more power in some directions
than in others. Any real antenna has a cain G(#), defined as the ratio of power per
unit solid angle radiated in a direction 0 to the average power radiated per unit solid
angle

P(6)

Go) = P,/4m

where

P(8) 1s the power radiated per unit solid angle by the antenna
Py 1s the total power radiated by the antenna
G(0) is the gain of the antenna at an angle 6 '



The reference for the angle 6 s usually taken to be the direction in which maxi-
mum power is radiated, often called the boresight direction of the antenna The gain of
the antenna is then the value of G(6) at angle 6 = 0°, and is a measure of the increase
In flux density radiated by the antenna over that from an Ideal isotropic antenna radiating
the same total power. For a transmitter with output P, watts driving a lossless antenna

with gain G, therftuxdemsity ia the direction of the antemna boresight at distance R

meters is

PG, )
= - W/m-
4R~

The product PG, is often called the efjective isotropically radiated power or EIRP
and 1t describes the combination of transmitter power and antenna gain in terms

of an equivalent isotropic source with power PG, watts, radiating uniformly in all
directions,



Isotropic source Incident flux density
EIRP = P, watts F watts/m?

Receiver
_— P,

""'\.___h“-‘_‘i

Receiving antenna with
Area Am?, gain G,

FIGURE 4.3 Power received by an ideal antenna with area
A mZ. Incident flux density is F = P/4wR* W/m*CBeceived power

<GP = Fx A= PA/4=R




If we had an ideal receiving antenna with an aperture area of A m’, as shown in
Figure 4.3, we would collect power P, watts given by

P. = F X A watts

A practical antenna with a physical aperture area of A, m" will not deliver the power
siven in Eq. (4.4). Some of the energy incident on the aperture is reflected away from the
antenna, and some is absorbed by lossy components. This reduction in efficiency 1s

described by using an effective aperture A, where

[ A. = M, A [.]




and 7, is the aperture efficiency of the antenna“. The aperture efficiency 7, accounts. for
all the losses between the incident wavefront and the antenna output port: these include
illumination efficiency or aperture taper efficiency of the antenna, which is related to the
energy distribution produced by the feed across the aperture, and also other losses due to
spillover, blockage, phase errors, diffraction effects, polarization, and mismatch losses.
For parabolodial reflector antennas, 1, is typically in the range 50 to 75%, lower for small
antennas and higher for large Cassegrain antennas. Horn antennas can have efficiencies
approaching 90%. Thus the power received by a real antenna with a physical receiving
area A, and effective aperture area A, m” is

~ B
_ PGA,

- watts

P — -
' 47 R?
\_ /




Note that this equation is essentially independent of frequency if G, and A, are con-
stant within a given band; the power received at an earth station depends only on the EIRP

of the satellite, the effective area of the earth station antenna, and the distance R.
A fundamental relationship in antenna theory” is that the gain and area of an antenna

are related by

N 4

whete  is the wavelength (in meters) t the frequency of operation.
Substituting for A, 1 Eq. (4.6) gves
: P66,

= ——— vt 4§
P, e walfs (48)




This expression is known as the [ink equation, and it is essential in the calcula-
tion of power received in any radio link. The frequency (as wavelength, A) appears in
this equation for received power because we have used the receiving antenna gain, in-
stead of effective area. The term [4'?TR/)l is known as the path loss, L,. It is not a loss
in the sense of power being absorbed; it accounts for the way energ gy spreads out as an

electromagnetic wave travels away from a transmitting source in three-dimensional

space.
Collecting the various factors, we can write

S EIRP X Receiving antenna gain
Power received = watts (4.9)
Path loss

In communication systems, decibel quantities are commonly used to simplify equa-
tions like Eq. (4.9). In decibel terms, we have

P, = EIRP + G, — L, dBW (4.10)

where EIRP = 10 log,,(P, G,) dBW
G, = 10log,,(47wA./A%) dB
Path loss LF‘ = 10 lﬂglﬂ[(él-TTR/;\)E] = 20 ]ﬂgln(417R/.)l) dB



Equation (4.10) represents an idealized case, in which there are no additional losses
in the link. It describes transmission between two ideal antennas in otherwise empty space.
In practice, we will need to take account of a more complex situation in which we have
losses in the atmosphere due to attenuation by oxygen, water vapor, and rain, losses in
the antennas at each end of the link, and possible reduction in antenna gain due to mis-
pointing. All of these factors are taken into account by the system margin but need to be
calculated to ensure that the margin allowed is adequate. More generally, Eq. (4.10) can
be written

P,=EIRP+G,~L - L ~L,- L, dBW 411)

where
L, = attenuation in the atmosphere
L, = losses associated with the transmitting antenna

L, = losses associated with the receiving antenna



The conditions in Eq. (4.11) are illustrated in Figure 4.4. The expression dBW
means decibels greater or less than 1 W (0 dBW). The units dBW and dBm (dB greater
or less than 1 W and 1 mW) are widely used in communications engineering. EIRP,
being the product of transmitter power and antenna gain is often quoted in dBW,

Note that once a value has been calculated in decibels, it can readily be scaled if
one parameter 1s changed. For example, if we calculated G. for an antenna to be 48 dB.
at a frequency of 4 GHz, and wanted to know the gain at 6 GHz, we can multiply G. by
(6/4)2. Using decibels, we simply add 20 log(6/4) or 20 log(3) = 201og(2) = 9.5 - 6 =
3.5 dB. Thus the gain of our antenna at 6 GHz is 51.3 dB.

Appendix A gives more information on the use of decibels in communications
engineering.
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EIRP = P, G;
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FIGURE 44 A satellite link. LNA, low noise amplifier.



EXAMPLE 4.2.1

A satellite at a distance of 40,000 km from a point on the earth’s surface radiates a power of 10 W
from an antenna with a gain of 17 dB in the direction of the observer. Find the flux de\ﬁsity]
at the receiving point, and the power received by an antenna at this point with an effective area
of 10 m? ) _

Using Eq. (4.3)

F = PG/(4mR?) = 10 X 50/(4m X (4 X 1077) = 2.49 X 10~ W/m?

The power received with an ettective collecting area of 10 m? is therefore
P, =249 X 1073w
The calculation is more easily handled using decibels. Noting that 10 log,y 47 = 11.0 dB

F in dB units = 10 log,,(P,G;) — 20 log,,(R) — 11.0
=270 — 152.0 — 11.0
= —136.0 dB(W/m?)"
Then P, = —136.0 + 10.0 = —126 dBW.

Here we have put the antenna effective area into decibels greater than 1 m? (10 m® = 10 dB
greater than 1 m?). o



EXAMPLE 4.2.2

The satellite in Example 4.2.1 operates at a frequency of ll_GHz. The receiving antenna has a gain
of 52.3 dB. Find the received power.

Using Eq. (4.10) and working in decibels

P, = EIRP + G, — L, dBW (4.10)
EIRP = 27.0 dBW
G, =523dB "

Path loss = (4wR/A) = 20 log,,(47R/)) dB
= 20 logo[ (47 X 4 X 10')/(2.727 X 107%)] dB = 205.3 dB
P, =210+ 523 = 205.3 = —126.0 dBW

\3\'6 have the same answer as in Example 4.2.1 because the figure of 52.3 dB is the gain of
a 10 m” aperture at a frequency of 11 GHz. &




Equation (4.10), with other parameters for antenna and propagation losses, is com-
monly used for calculation of received power in a microwave link and is set out as 2 link
power budget in tabular form using decibels. This allows the system designer to adjust
parameters such as transmitter power or antenna gain and quickly recalculate the received
POWET.

The received power, P,, calculated by Eqs. (4.6) and (4.8) is commonly referred
to as carrier power, C. This is because most satellite links use either frequency mod-
ulation for analog transmission or phase modulation for digital transmission. In both
of these modulation systems, the amplitude of the carrier is not changed when the data

are modulated onto the carrier, so received carrier power C is always equal to received
power P..
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4.2 Transmission Theory

The calculation of the power received by an earth station from a satellite transmitter
is fundamental to the understanding of satellite communications. In this section, we
discuss two approaches to this calculation: the use of flux density and the link equation.

Consider a transmitting source, in free space, radiating a total power P, watts uni-
formly in all directions as shown in Figure 4.2. Such a source is called isotropic; it is
an idealization that cannot be realized physically because it could not create transverse
electromagnetic (EM) waves. At a distance R meters from the hypothetical isotropic
source transmitting RF power P, watts, the flux density crossing the surface of a sphere
with radius R m is given by

F = By W /m? (4.1)
4 R2
Area A m2 Figure 4.2 Calculation of flux
Isotropic source density from an isotropic source
EIRP = P, watts with EIRP P, watts. The flux density
is measured over a 1 m?2 section of a
O > sphere at a distance R meters from
the source.

Distance R m

Flux density F watts/m?2



All real antennas are directional and radiate more power in some directions than in
others. Any real antenna has a gain G(0), defined as the ratio of power per unit solid
angle radiated in a direction @ to the average power radiated per unit solid angle (Silver
1949, p. 2).

P(6)
P,/4n

G(0) = W /m? (4.2)

where

P(6) is the power radiated per unit solid angle by the antenna
P, is the total power radiated by the antenna
G(0) is the gain of the antenna at an angle 6

The reference for the angle 6 is usually taken to be the direction in which maximum
power is radiated, called the boresight direction of the antenna or the antenna electrical
axis. The gain of the antenna is then the value of G(0) at angle & = 0°, and is a measure
of the increase in flux density radiated by the antenna over that with an ideal isotropic
antenna radiating the same total power. See Appendix B for more details of antennas
and their properties.



For a transmitter with output P, watts driving a lossless antenna with gain G,, the flux
density in the direction of the antenna boresight at distance R meters is

PG,
4 R?

The product P, G, is often called the effective isotropically radiated power (EIRP),
and describes the combination of transmitter power and antenna gain in terms of an
equivalent isotropic source with power P, G, watts, radiating uniformly in all directions.

If we had an ideal receiving antenna with an aperture area of A m?, as shown in Fig-
ure 4.3, we would collect power P, watts given by

F = W /m? (4.3)

P, = F x A watts (4.4)

A practical antenna with a physical aperture area of A, m? will not deliver the power
given in Eq. (4.4). Some of the energy incident on the aperture is reflected away from
the antenna, referred to as scattering, and some is absorbed by lossy components. This
reduction in efficiency is described by using an effective aperture A, where

A, = npAm? (4.5)

and 7, is the aperture efficiency of the antenna (Stutzman and Thiele 2013, p. 363). The
aperture efficiency 77, accounts for all the losses between the incident wavefront and the
antenna output port: these include illumination efficiency or aperture taper efficiency of

Isotropic source Incident flux density Figure 4.3 Calculation of received

EIRP = P,G, watts F watts/m?2 Recelver power by an antenna with gain G,
_— p from a source with EIRP P, G,

O —» —» r . » watts. Fis the flux density incident

~— on the receiving antenna. P, is the

power delivered to the receiver.

Receiving antenna with
Area A m?, gain G,



the antenna, which is related to the energy distribution produced by the feed across
the aperture, and also losses due to spillover, blockage, phase errors, diffraction effects,
polarization, and mismatch losses. For parabolodial reflector antennas, 7, is typically in
the range 50—75%, lower for small antennas and higher for large Cassegrain and Grego-
rian antennas. Horn antennas can have efficiencies approaching 80%. (See Appendix B
for an explanation of the aperture efficiency of antennas.)

Thus the power received by a real antenna with a physical receiving area A, and effec-
tive aperture area A, m? at a distance R from the transmitter is

_ PG,

r 47 R?

watts (4.6)

Note that this equation is essentially independent of frequency if G, and A, are con-
stant within a given band; the power received at an earth station depends only on the
EIRP of the satellite, the effective area of the earth station antenna, and the distance R.

A fundamental relationship in antenna theory is that the gain and area of an antenna
are related by (Stutzman and Thiele 2013, p. 363)

G = 4nA, /A (4.7)

where 4 is the wavelength (in meters for A, in square meters) at the frequency of oper-
ation.
Substituting for A, in Eq. (4.6) gives

_ PthGr
(47R/ A)?

This expression is known as the link equation, and it is essential in the calculation
of power received in any radio link. The frequency (as wavelength, 1) appears in this
equation for received power because we have used the receiving antenna gain, instead
of effective area. The term (4nR/A)? is known as the path loss, L, Itisnota loss in the
sense of power being absorbed; it accounts for the way energy spreads out as an EM
wave travels away from a transmitting source in three-dimensional (3-D) space.

watts (4.8)

r



Collecting the various factors, we can write

EIRP X Receiving antenna gain
Pr = Path Loss watts (49)

In communication systems, decibel quantities are commonly used to simplify equa-
tions like (4.9). In decibel terms, we have

P, =EIRP + G, — L, dBW (4.10)

where

EIRP = 10 logy, (P, G,) dBW
G, =10 logy, (4nA,/2%) dB

Path loss L, is given by
L, =10 log,, [(47R/2)*] = 20 log,, (47R/4) dB (4.11)

If you are unfamiliar with decibels, read Appendix A, which discusses how decibels
are used in the analysis of radio communication systems. Equation (4.10) represents
an idealized case, in which there are no additional losses in the link. It describes



transmission between two ideal antennas in otherwise empty space. In practice, we
will need to take account of a more complex situation in which we have losses in the
atmosphere due to attenuation by oxygen, water vapor, and rain, losses in the antennas
at each end of the link, and possible reduction in antenna gain due to mispointing. All
of these factors are taken into account by the system margin but need to be calculated to
ensure that the margin allowed is adequate. More generally, Eq. (4.10) can be written

P,=EIRP+G,— L, — L, — Ly — L, dBW (4.12)
where

L, = attenuation in the atmosphere
L., = losses associated with the transmitting antenna
L., =losses associated with the receiving antenna

The conditions in Eq. (4.12) are illustrated in Figure 4.4. The expression dBW means
decibels greater or less than 1 W (0 dBW). The units dBW and dBm (dB greater or less
than 1 W and 1 mW) are widely used in communications engineering. EIRP, being the
product of transmitter power and antenna gain is normally quoted in dBW.

Note that once a value has been calculated in decibels, it can readily be scaled if one
parameter is changed. For example, if we calculated G, for an antenna to be 48 dB at a
frequency of 4 GHz, and wanted to know the gain at 6 GHz, we can multiply G, by (6/4)2.

Using decibels, we simply add 20 log (6/4) (or 20 log (3) — 20 log (2)) = 9.5 -6 = 3.5dB.
Thus the gain of our antenna at 6 GHz is 51.3 dB.

Appendix A gives more information on the use of decibels in communications engi-
neering.



Satellite

'
EIRP PG;
Loss Ly,
Path Loss L,
Earth station
Atmosphere Antenna gain G,
Loss L,
Receiver Power P,
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i sl
Loss L,a LNA

Figure 4.4 Calculation of received power from a satellite with EIRP P, G, watts including losses. Loss L,,
is an off-axis loss deducted from the satellite antenna on-axis gain when calculating the antenna gain
in the direction of the receiving earth station. Atmospheric loss L, includes clear air loss caused by
gases in the atmosphere and any additional loss from clouds and rain. Receiving antenna losses L,
include ohmic losses in the waveguide between the antenna feed and the LNA, and an off-axis loss if

the receiving antenna does not point directly at the satellite.



Example 4.1

A satellite at a distance of 40 000 km from a point on the earth’s surface radiates a power
of 10 W from an antenna with a gain of 17 dB in the direction of the observer. Find the
flux density at the receiving point, and the power received by an earth station antenna
at this point with an effective area of 10 m?.

Answer
Using Eq. (4.3)
F = P,G,/(47R*) = 10 X 50/[47 X (4 x 107)°] = 2.49 x 10714
The power received with an effective collecting area of 10 m? is therefore
P, =249x10713 W
The calculation is more easily handled using decibels. Noting that 10 log;,

4n~11.0dB

F in dB units = 10 log,, (P.G;) — 20 log;, (R) — 11.0
=27.0-152.0-11.0
= —136.0 dBW /m?

Then
P, = FdBW/m? + A, dBm?
P, =-136.0+10.0 = =126 dBW or — 96 dBm
Here we have put the antenna effective area into decibels greater than 1m?

(10 m? = 10dB greater than 1 m?) and also given the answer in dBW and dBm, deci-
bels above 1 watt and 1 milliwatt.



Example 4.2

The satellite in Example 4.1 operates at a frequency of 11 GHz. The receiving antenna
has a gain of 52.3 dB. Find the received power at the earth station in dBW and dBm. It
is common practice to quote transmit power in dBW and received power in dBm.

Answer
Using Eq. (4.10) and working in decibels

P, = EIRP + G, — path loss dBW

EIRP = 27.0 dBW

G, =52.3dB

Path loss L, = (47R/A)* = 20 log,, (47R/A) dB

= 20 log,,[(47 x 4 x 107)/(2.727 x 107%)] = 205.3 dB
P, =27.0+52.3 — 205.3 = —126.0 dBW

The received power in dBm units is numerically 30 dB greater than in dBW.

Hence
P, =126.0+ 30 = —-96.0 dBm

We have the same answer as in Example 4.1 because the figure of 52.3 dB is the gain
of a 10 m? aperture at a frequency of 11 GHz.

Equation (4.12) is commonly used for calculation of received power in a microwave
link and is set out as a link power budget in tabular form using decibels. This allows the
system designer to adjust parameters such as transmitter power or antenna gain and
quickly recalculate the received power.

The received power, P, calculated by Eqgs. (4.6) and (4.8) is commonly referred to as
carrier power, C. This is because satellite links typically use phase modulation for digital
transmission where the amplitude of the carrier is not changed when the data is mod-
ulated onto the carrier, so received carrier power C watts is always equal to received
power P, watts.



Link Budget

Adapted from

Dr. Joe Montana (George mason University)
Dr. James W. LaPean course notes

Dr. Jeremy Allnutt course notes

And some internet resources + Tim Pratt book




Link Power Budget

EIRP Now all factors are accounted for
as additions and subtractions

Transmission:
+ HPA Power
- Transmission Losses

(cables & connectors) -Antenna Pointing Loss
+ Antenna Gain - Free Space Loss

- Atmospheric Loss
(gaseous, clouds, rain)
- Rx Antenna Pointing
Loss

Reception:

+ Antenna gain

- Reception Losses
(cables & connectors)

+ Noise Temperature

Contribution
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lllustration of the various propagation loss mechanisms on a typical earth-
space path
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Radio Propagation:
Atmospheric Attenuation

Rain is the main cause of atmospheric attenuation (hail, ice
and snow have little effect on attenuation because of their
low water content).

Total attenuation from rain can be determined by:

A = ol [dB]

— where o [dB/km] is called the specific attenuation, and can be
calculated from specific attenuation coefficientsin tabular form that
can be foundin a number of publications;

— where L [km] is the effective path length of the signal through the

rain; note that this differs from the geometric path length due to
fluctuations in the rain density.



Signal Polarisation:
Cross-Polarisation Discrimination

Depolarisation can cause interference where orthogonal polarisation is
used to provide isolation between signals, as in the case of frequency

reuse.

The most widely used measure to quantify the effects of polarisation
interference is called Cross-Polarisation Discrimination (XPD):

XPD = 20 log (E,,/E;>)

E4

Depolarizing
medium
_ | - —- —

Source: Satellite Communications,
Dennis Roddy, McGraw-Hill

To counter depolarising
effects circular polarising is
sometimes used.

Alternatively, if linear
polarisation is to be used,
polarisation tracking
equipment may be installed
at the antenna.



Atmospheric attenuation

Attenuation of
the signal in %

Example: satellite systems at 4-6 GHz
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Link-power budget calculations take into account all the gains and losses from the
transmitter, through the medium to the receiver in a telecommunication system. Also
taken into the account are the attenuation of the transmitted signal due to propagation
and the loss or gain due to the antenna.

The decibel equation for the received power is:
— [Pr] = [EIRP] + [Gg] - [LOSSES]
Where:
e [Pr] =received power in dBW
* [EIRP] = equivalent isotropic radiated power in dBW

* [Gg] =receiver antenna gainin dB
* [LOSSES] = total link loss in dB

[LOSSES] = [FSL] + [RFL] + [AML] + [AA] + [PL], where:
— [FSL] = free-space spreading loss in dB = P;/Pg (in watts)

— [RFL] = receiver feeder loss in dB

— [AML] = antenna misalignment loss in dB

— [AA] = atmospheric absorption loss in dB

— [PL] = polarisation mismatch loss in dB

The major source of loss in any ground-satellite link is the free-
space spreading loss.



Translating to dBs

The transmission formula can be written in dB as:

P, =EIRP-L,-L,—L, — L —L,— Ly +G, —L,

other

This form of the equation is easily handled as a spreadsheet
(additions and subtractions!!)

The calculation of received signal based on transmitted power
and all losses and gains involved until the receiver is called “Link
Power Budget”, or “Link Budget”.

The received power Pr is commonly referred to as “Carrier
Power”, C.
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 Demonstrated formula assumes idealized case.
* Free Space Loss (Lp) represents spherical spreading only.

* Other effects need to be accounted forin the

transmission equation:

— L, = Losses due to attenuation in atmosphere

— L, = Losses associated with transmitting antenna

— L., = Losses associates with receiving antenna

— Lo = Losses due to polarization mismatch

— Loher = (@ny other known loss - as much detail as available)
— Lr = additional Losses at receiver (after receiving antenna)

b _ PG, G,

T L Lol o Lomer Ly

pol —other




Simple Link Power Budget

Parameter Value Totals Unit
Receive Antenna

Radome Loss 0.50 dB
Diameter 1.5 m
Aperture Efficiency 0.6 none
Gain 43.10 dBi
Polarization Loss 0.20 daB
Effective RX Ant. Gain 42.40 | dB
Received Power -98.54 | dBm
Summary

Transmitted Power 36.25 dBm
Transmit Anntenna Gain 33.18 dBi
EIRP 69.43 | dBm
Path Loss 210.37 | dB
Effective RX Antenna Gain 42.4 | dBi
Received Power -98.54 | dBm

Parameter Value Totals Units
Frequency 11.75 GHz
Transmitter

Transmitter Power 40.00 dBm
Modulation Loss 3.00 dB
Transmission Line Loss 0.75 dB
Transmitted Power 36.25 | dBm
Transmit Antenna

Diameter 0.5 m
Aperture Efficiency 0.55 none
Transmit Antenna Gain 33.18 | dBi
Slant Path

Satellite Altitude 35,786 km
Elevation Angle 14.5 degrees
Slant Range 41,602 km
Free-space Path Loss 206.22 dB
Gaseous Loss 0.65 dB
Rain Loss (allocated) 3.50 dB
Path Loss 210.37 | dB
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Why calculate Link Budgets?

System performance tied to operation thresho

Operation thresholds C,,;i, tell the minimum
power that should be received at the
demodulator in order for communications to
work properly.

Operation thresholds depend on:
— Modulation scheme being used.

— Desired communication quality.

— Coding gain.

— Additional overheads.

— Channel Bandwidth.

— Thermal Noise power.

ds.
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Closing the Link

We need to calculate the Link Budget in order to verify if
we are “closing the link”.

P,>=C., => Link Closed
P, <C.ip => Link not closed

Usually, we obtain the “Link Margin”, which tells how tight
we are in closing the link:

Margin=P . —-C_.,

Equivalently:
Margin >0 =» Link Closed
Margin< 0 =>» Link not closed



Carrier to Noise Ratios

* C/N: carrier/noise power in RX BW (dB)
* C/N,: carrier/noise p.s.d. (dbHz) ..... {N,=kT}

System Figure of Merit

o G[T§; RX antenna gain/system temperature
— Also called the System Figure of Merit, G/T,
— Easily describes the sensitivity of a receive system

— Must be used with caution:
* Some (most) vendors measure G/T, under ideal conditions only

* G/T,degrades for most systems when rain loss increases
— This is caused by the increase in the sky noise component
— This is in addition to the loss of received power flux density
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System Noise Power




4.3 SYSTEM NOISE TEMPERATURE
AND G/T RATIO

Noise Temperature

Noise temperature is a useful concept In communications receivers, since it provides a
way of determining how much thermal noise is generated by active and passive devices
in the receiving system. At microwave frequencies, a black body with a physical temper-
ature, T, degrees kelvin, generates electrical noise over a wide bandwidth.

The noise power is given by’
i

k = Boltzmann’s constant = 1.39 X 107 J/K = —228.6 dBW/K/Hz

[, = physical temperature of source in kelvin degrees

B, = noise bandwidth in which the noise power is measured, in hertz

P, 13 the available noise power (in watts) and will be delivered only to a load that
1s impedance matched to the noise source. The term kT, is a noise power spectral density,
in watts per hertz. The density is constant for all radio frequencies up to 300 GHz.

- w



System Noise Power -1

Performance of system is determined by C/N ratio.
Most systems require C/N > 10 dB.

(Remember, in dBs: C- N > 10 dB)
Hence usually: C>N + 10 dB

We need to know the noise temperature of our
receiver so that we can calculate N, the noise
power (N=P,).

T, (noise temperature) is in Kelvins (symbol K):

T[K]=T[cl+ 273 [TIKI=(T[F]-32)2+272
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System Noise Power - 2

e System noise is caused by thermal noise sources

— External to RX system
* Transmitted noise on link
* Scene noise observed by antenna

— Internal to RX system
* The power available from thermal noise is:

N =kT.B (dBW)

where k = Boltzmann’s constant
=1.38x1023J/K(-228.6 dBW/HzK),
T, is the effective system noise temperature, and
B is the effective system bandwidth
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Noise Spectral Density

* N=KT.B =>» N/B = N, is the noise spectral
density (density of noise power per hertz):

N KT.B
B B

N, = = kT, (dBW/Hz)

* N,y = noise spectral density is constant up to
300GHz.

 All bodies with T, >0K radiate microwave
energy.



System Noise Temperature

1) System noise power is proportional to
system noise temperature

2) Noise from different sources is
uncorrelated (AWGN)
* Therefore, we can
— Add up noise powers from different contributions
— Work with noise temperature directly

* So:

Additive White Gaussian Noise (AWGN)

T.=T

S transmitte

g+ T

antenna

+ T+ T + Ty

lineloss

* But, we must:

— Calculate the effective noise temperature of each contribution
— Reference these noise temperatures to the same location



Noise Model

Calculation of System Noise Temperature

Signal rom

satellite S
Receivimze

Antenna
]
I
/
/‘ Each of these devices 1s noisy

(Need a model ftor this)

S
- f;f \\
e A Downconverler
‘ LNA (mixer) IF amplifier
>~ -\.- —~ -H.h‘"-.___ 4{ -..- ::ﬁ-
- G, G, G,
Pr {(RF amplifier)

., Local

'ih =/ Oscillator
Noiseless RF Noiseless Noiseless IF
T - amplifier mixer amplifier
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Noise Model

Calculation of System Noise Temperature

Noiseless RF Noiseless Noiseless IF
amplifier mixer amplifier
Tiu / -_I—\ G Y P P
— —_— | |— —_— ! n
/ '\.,,_ A RF x\.._—t’j} G]_“ '.&M__I__ GIF
] x i
LN - .
(T (T, (T)
— N4 \_ 1

Components are replaced by equivalent noiseless blocks with same gain
and noise generators at the iput to each block such that the block produces
the same noise at 1ts output as the device 1t replaces

Noise at component mput must be multiplied by corresponding gain to
reference at component output

System Noise Temperature, T, 1s the noise temperature of a noise source,
located at the input of a noiseless recerver, which gives the same noise
power as the original recerver measured at the output of the recetver and
usually includes noise from the antenna



Noise Model for a Cascaded System

Calculation of System Noise Temperature

i' ------------------------------------------------------ e |
i
| I
Tsys,m: o Tcru ‘ Touti o i ToutS_Tsys:c:ut
: Noiseless RF Noiseless Noiseless 1)
= amplifier mixer / amplifier I/
L () G () G [
I I T | | o | :
I I
1 i
e R A I
| | l - I.f"' A i Y |
I (T, ) I
= '\.1___:{_.-/'II ."\‘ _']_'];P " ]. H_’/.‘ =
o e e et ot e e e et e J
Toutr=(T 1o +T )G Tou=(Tout1+Tm)G _
out1=(T in +T re)Cre out2™(Tout1¥Tm)Cnm T, 5= (Touo* Ti0) G

Theretfore Noise temperature at the output of IF amplifier
Tous={ [(Tin* Tre)Gre +T)IG+ TE}GiE =TiGreGrGiet TreGreGrGir + TG Girt TiEG e

This temperature can be referred to the input of RF Amplifier(LNA),by dividing above eqn by
GpeG, G to get T

m SYS.in Y Y'

7T T m IF

e IRF + 1”? + ( 1 + ( 1 ( v
TRF T “TRF

1/2/7nNa o

];'1-*5,1?1‘1



Book’s approach to calculate T,



Noise Model

Calculation of System Noise Temperature

Noiseless RF Noiseless Noiseless [F
amplifier mixer amplifier

Tiu N ™ —

,_ | , P
/Th > Grr _'{:U_' Gn —( +;"' > G —
P. I\ T T

Ly < <
» Use noise model to write P
, =Gk 1B (IF)
+G,.G k1 B (LocalOscilator)

+GG G kBT,-+T ) (FrontEnd:RF+Input)



Noise Model

Calculation of System Noise Temperature

» Use noise model to write P

» =Gk B (IF)
+G,.G k1 B (LocalOscilator)

+GG,GokB(T-+T,)  (FrontEnd:RF+Input)

Equation can be written as

1
P =G,G, G kB {TRF +1, +—"—+ }
GRF



Equivalent Noise Model of Receiver

Calculation of System Noise Temperature

Noiseless RF Moiseless MNoiseless TF
T. amplifier mixer amplifier
in - Y — P
/ .\ f =2 i _hia.h y Grr :
‘-\. I-I.-"'T'\ ~ 1-\-,\
- _‘J’I TEJ {M 1 :,f,-]
Noiseless
amplifier
N
— [ +
\"T’f GriGL.Gir » P,
Noise » Noisy components have been
Source replaced by one noiseless
T

5

1 /27900

La]

component (of gain — GG, ,Gyp)
and one noise source (1)) at the
input, where T, 1s the system
noisc temperature.



Equivalent Noise Model of Receiver

Calculation of System Noise Temperature

Moiseless
amplifier

"iufx; ¥ GReG, Gy > P

Y

Noise
Source
T

5

n

» Note that equivalent noise model gives
b,=G,G, Gkl B



Calculating System Noise Temperature

(7 G G

RF m — RF

I 1
BI = GIF Gﬂ:-'GRFkB |:TRF T ];ﬁ‘ +——+ I } Equation 1

P — (IIF Ga-n (JRFkrs-B Equation 2

H

« Equate to obtain

T
Ty =| T +T,, 42t I
| GRF (}m GRF



Calculating System Noise Temperature

T
Iy =| Ty + T, + 24— I
| GRF (}m GRF

* Succeeding stages of the receiver contribute less and less noise
to the total system

* When RF amplifier in receiver frontend has high gain, noise
contributed by IF amplifier and later stages can be 1gnored

* In such a case

TEZT antenna +T LNA
* Values of gains 1n above equation are all linear and not

decibels



Reducing Noise Power

Make B as small as possible — just enough bandwidth to
accept all of the signal power (C).

Make T¢ as small as possible

— Lowest Tg

— Lowest T, (How?)

— High Gg;

If we have a good low noise amplifier (LNA), i.e., low T, high
Ggp, then rest of receiver does not matter that much.

To=|Tee +T. + T + Tie
Gre G Gpe _

= TRF T Tin




Reducing Noise Power
Low Noise Amplifier

Parametric amplifier (older technology, complex and

expensive):
Cooled (thermo-electrically or liquid nitrogen or helium):
-4 GHz : 30K
-11 GHz: 90 K
Uncooled:
-4 GHz: 40K
- 11 GHz: 100 K

Ga AS FET (Galium Arsenide Field-Effect Transistor):

Cooled (thermo-electrically):
-4 GHz : 50 K
-11 GHz: 125K
Uncooled:
-4 GHz : 50K
-11 GHz: 125K



Reducing Noise Power
Discussion on T;,

* Earth Stations: Antennas looking at space which
appears cold and produces little thermal noise power

(about 50K).

e Satellites: antennas beaming towards earth (about
300 K):
— Making the LNA noise temperature much less gives
diminishing returns.
— Improvements aim reduction of size and weight.



Antenna Noise Temperature

* Contributes for T,

e Natural Sources (sky noise):

— Cosmic noise (star and inter-stellar matter), decreases with frequency,

(negligible above 1GHz). Certain parts of the sky have punctual “hot
sources” (hot sky).

— Sun (T = 12000 f9-7>K): point earth-station antennas away fromit.

— Moon (black body radiator): 200 to 300K if pointed directly to it.
— Earth (satellite)

— Propagation medium (e.g. rain, oxygen, water vapor): noise reduced as
elevation angle increases.

* Man-made sources:
— Vehicles, industrial machinery

— Other terrestrial and satellite systems operating at the same
frequency of interest.



Noise from Active Devices

Active devices produce noise from:

— Dissipative losses in the active device

— Dissipative losses in the supporting circuits

— Electrical noise caused by the active device
The effective temperature of active devices is specified by
the manufacturer

— Can be measured by a couple of methods

— Can be (somewhat laboriously) calculated

— Assumes specific impedance matches

The effective temperature is (almost) always specified at
the input of the device

The noise is often given as a noise figure (see later)
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Noise Model For a Lossy Device

Moiseless

. amplifier e Till now 1 this model, all noise
— > > GreGuGur[ P, sources in receiver were replaced
T > by single noise source at the
Noise receiver input
Source . .
T e This assumes that all noise comes

-

in from the antenna or 1s internally
generated at the receiver

Noisy, Lossy Device
In some circumstances, we need to use
a different model to deal with the noise
that reaches the receiver after passing
through lossy medium e.g waveguide

v

—— G
R

.. _ _ Noiseless Lossy Device
transmission line and rain losses === i, — P,
. . . . . > [ + : >
Noise emission 1s modeled as noise G \_/
source placed at “output” of IH\
ﬂ'[lllDSphE‘I‘E‘ (T_"}/: Noise source at output

T=T)(1-G) [K]

1/32/20N9 M ST



Noise Model For a Lossy Device

It is important to remember that the ‘gain’ of the individual
subsystems can be greater or less than 1.0

Lossy element: L = Loss
G=P,, /P, =1/ (Note: Ggg< 0 dB because 0 <G < 1 or P,,<P,)

aut ™ 1m

* Noise te}nperature contribution of a loss 1s
I, =T,(1-G)[K]

— (15 the “gain” (smaller than unity), also called
transmussivity G = 1/Loss = (P,,./P,)

ont

~ Tj1s the physical temperature of the lossy element

— This temperature 1s referenced to the output of the lossy
clement.
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The noise model shown in Figure 4.7b replaces all the individual sources of noise
in the receiver by a single noise source at the receiver input. This assumes that all the noise
comes in from the antenna or is internally generated in the receiver. In some circum-
stances. we need to use a different model to deal with noise that reaches the receiver after
passing through a lossy medium. Waveguide and rain losses are two examples. When rain-
drops cause attenuation, they radiate additional noise whose level depends on the

atior] We can model the noise emission as a noise source placed at the -outpur of

the atmosphere, which is the antenna aperture. The noise model for an equivalent output
o source is shown in Fieure 4.7c, and produces a noise temperature T, given by

Q =L,(1-G) > (4.19)

where G, is the linear gain (less than unity, not in decibels) of the attenuating device or
medium, and 7} s the physical temperature in degrees kelvin of the device or medium.
For an attenuation of A dB, the value of G; is given by

G, = 10M" (4.20)




Moiseless RF Noiseless Noiseless IF
amplifier mixer amplifier
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Tin . : . n
o Gain Gain ° Gain |,
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Equivalent noise sources

(a)

Moiseless Noiseiess_
receiver lossy device
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FIGURE 4.7 (a) Noise model of receiver. The noisy amplifiers and downconverter have
been replaced by noiseless units, with equivalent noise generators at their inputs. (b} Noise
model of receiver. All noisy units have been replaced by one noiseless amplifier, with a sin-
gle noise source T, as its input. (¢) Noise model for a lossy device. The lossy device has
been replaced by a lossless device, with a single noise source T, at its output.



Noise from Lossy Elements -1

* All lossy elements reduce the amount of power

transmitted through them

— Carrier or signal power
— Noise power

 The noise temperature contribution of a loss is:

Ty=T, (1-G)[K]

G =1/Loss

where G is the “gain” (smaller than unit) of the lossy
element, also called transmissivity (P, /P;,) and T, is the

physical temperature of the loss.

 Note the temperature is at the output of the loss.



Noise from Lossy Elements -2

Assume lossy element has gain = G, =1/L
Notes: G, <0 dB (because 0 <G < 1)
T,= physical temperature

»
»

Noisy, Lossy
| s

> G
J

Noiseless
s | &

&
w

v

Noise Source at

output:
Th=To(1-G) [K]

SXG
+

N

SXG
+

N=KT,B



Noise from Lossy Elements -2

Noisy, Lossy
SXG
} S > G >+
N
Noiseless
SxG
S G = |
N=kT\B

Noise Source at input:
T'y=T\/G
= To(1/G-1) [K]

920



Numerical Examples




EXAMPLE 4.3.1

Suppose we have a 4-GHz receiver with the following gains and noise temperatures:
Tin = 25K GRF = 23 dB
TRF = 50K GIF = 30 dB
T = 1000 K
T,=500K

Calculate the system noise temperature assuming that the mixer has a gain G, = 0 dB.
Recalculate the system noise temperature when the mixer has a 10-dB loss. How can the noise
temperature of the receiver be minimized when the mixer has a loss of 10 dB?

The system noise temperature is given by Eq. (4.18)

T. = [25 + 50 + (500/200) + (1000/200)] = 875 K

If the mixer had a loss, as is usually the casé, the effect of the IF amplifier would be greater. For
G, = —10 dB, the linear value is G, = 0.1 as a ratio. Then

\

T, = [25 + 50 + (500/200) + (1000/20)] = 137.5K

The lowest system noise temperatures are obtained by using a high gain LNA. Suppose we
increase the LNA gain in this example to Ggr = 50 dB, giving ratio Ggg = 10°.

T. = [25 + 50 + (500/10%) + (1000/10%)] = 75.1 K

The high gain of the RF LNA amplifier has made the system noise temperature almost as low as it
can go: T, = T;, + Tre = 75 K in this example. LNAs for use in satellite receivers usually have
gains in the range 40-55 dB. B



"EXAMPLE 4.3.2

The system illustrated in Example 4.3.1 has an LNA with a gain of 50 dB. A section of lossy wave-
guide with an attenuation of 2 dB is inserted between the antenna and the RF amplifier. Find the
new system noise temperature for a waveguide temperature of 300°K.

The waveguide loss of 2 dB (ratio 1.58) can be treated as a gain, G,, that 1s less than unity:
(G, = 1/1.58 = 0.631). The lossy waveguide attenuates the incoming noise and adds noise

generated by its own ohmic loss. The equivalent noise generator placed at the output of the section
of waveguide that represents the noise generated by the waveguide has a noise temperature /-
where

T,, = T,(1 = G) = 300(1 — 0.631) = 110.7K

The waveguide attenuates the noise from the antenna, so 7;, = 0.63 X 25 = 158 K
The new system noise temperature, referred to the input of the LNA, is

T, = [15.8 + 110.7 + 50 + (500/10°) + (1000/10%)] = 176.6 K

We can refer the system noise tembérature {o the antenna ,output port by dividing the above
result by G,. This transfers the noise source from the LNA input to the waveguide input.

T, = 176.6/0.631 = 2799 K

The new system noise temperature is 5.7 dB higher than the system noise temperature with-
out the lossy waveguide. ]



Numerical Example 1-Noise

Temperature
 Given: 4 GHz Receiver
T, T, 50K
Tap =50 K (.RP =23 dB (=200)
T, =500 K -0dB (=)
T =1000 K (_.[F =30dB (=1000)

 Find: System temperature T, at antenna output
System Temperature (T)) referred to this point
T =50 K /

I o Gr=200

Trr=30 K T,~500K T,—~1000 K



Numerical Example 1-Noise Temperature

Svstem Temperature (T)) referred to this point

T,=50 K /
l T Gpr=200 ®
Trr=50K [,~S00 K ['=1000 K
T T

in 1 - -
GRF G,G RF |

m

~ 504504220, 109 }

I 200 200x1
50+50+2.5+5|=107.5K




Numerical Example 1-Noise Temperature

b
(b) [f mixer has 10 dB loss

G, =-10dB=0.1
Tg—[50+50+500+ 1009 }—15251«:
| 200 0.1x 200

—  Comment: GG, 15 too small, so I[F amplifier
contribution 1s large

(¢) If, in addition, Gy = 50 dB (=105)

I;=[50+50+ 200 + 1099 }=100.1K

100,000  0.1x100,000




Numerical Example 2-Lossy Elements

» Now nsert a lossy waveguide with L =2
dB between antenna and LNA

* Find system temperature at LNA mput

T,=50K /

||_ G, TTGRF:{}U ‘ G,~1 T G=1000

System Temperature referred to this point

.I.J_. TRP=‘7ﬂ K Tm-?_'{:'ﬂ K T”:-_ 1000 K



Numerical Example 2-Lossy Elements

* Loss of 2 dB, obtain Gy and T

G, =-2dB = ——=0.63
158
T =290(1-G,)

—~290(1-0.63)

A

=107.3K
» Input noise power 1s attenuated by 2 dB. New 7 :
L, =1.G, +T,
=50x0.63+107.3K

=138.8K



Numerical Example 2-Lossy Elements

I T [
Tm -I_ TRF + .1”! -I_ v !FT
e G, Gpr

i)

B From Previous
1388 +50+ >00 + 1000 Example of

i 200 200x1 Noise

- Temperature

138.8450+2.5+5]=196.3K /

« So noise temperature (power) increased from 107.5
to 196.3 K af the same reference point

N, KT,B T,

—==1.82 or 2.6dB

N, KI,B T,



Numerical Example 2-Lossy Elements

* Inserting 2 dB loss at receiver front end decreased
carrier power (C ) by 2 dB and increased noise
temperature by 88.8 K, from 107.5 K to 196.3 K

(comparing at the same reference point)
« N has increased by 2.6 dB
* (C has decreased by 2 dB
 Net result: C/N has been reduced by 4.6 dB
« Moral:
Losses before LNA must be kept very small






Noise Figure and Noise Temperature

Noise figure (NF) 1s a measure of degradation of the signal to
noise ratio (SNR), caused by components in the RF signal
chain

Noise Figure 1s detined as the ratio of signal to noise ratio at
the mput to that at the output

NF= [S/N], o [S/NJ, _ Ny
[S/N], " [SIN], kT,B,G

out

Noise Figure can be converted to noise temperature T,
T,~T,(NF-1),

— where NF 1s a linear ratio, not in decibels and where T, 1s reference
temperature used to calculate standard noise figure. Usually 290 K




Table 4.3 gives a comparison between noise figure and noise temperature over the
range encountered in typical systems.

TABLE 4.3 Comparison of Noise Temperature and Noise Figure
#

Noise temperature (K) 0 20 40 60 80 100 120 150 200 290
Noise figure (dB) 0 029 05 08 106 129 150 181 228 30

Noise temperature (K] 400 600 800 1,000 1500 2000 3,000 5000 10,00
Noise figure (dB) 38 49 58 65 79 90 105 126 155




G/T Ratio for Earth Station:
A Figure of Merit

Transmitters are characterized by EIRP
Recei1vers are characterized by G /T, or G/T
G/T describes the sensitivity of a receive system

Also called the system figure of merit as it specifies the
quality of a receiving earth station or a satellite receiving
system

Link Budget Equation and G/T

« Now we have defined C and N, write C/IN as
_ B _RBRGG. [ 2 7
- kTLB kTR 4;1-R]
e q
- kB 472'R
= Thercfore,

C’ <+,
N T

=

e Usually given in dB/K or dBK-!




Link Budget Summary

C

p ]

N kT B

G = [E' xn
VA )
P PG.G,
/L P Ln Lm Ler pol Lc}ri’rm‘ Lr
AR *:\
L; =[ T L” oC fl
A

T T
{TRF +7, +—2+—&

(JRF ;rn(“TRF







4.3.2 Calculation of System Noise Temperature

The equivalent circuits in Figure 4.7a can be used to represent a receiver for the purpose
of noise analysis. The noisy devices in the receiver are replaced by equivalent noiseless
blocks with the same gain and noise generators at the input to each block such that the
block produces the same noise at its output as the device it replaces. The entire receiver
is then reduced to a single equivalent noiseless block with the same end-to-end gain as
the actual receiver and a single noise source at its input with temperature T, called the
system noise temperature.

Noiseless RF Noiseless Noiseless IF
amplifier mixer amplifier

Tin Gain Gain Gain Py
—r Grr G, o Gir

Equivalent noise sources

Figure 4.7a Noise model of receiver. T, is the noise temperature of the sky and antenna, 7 ; is the
noise temperature of the LNA, G,; is the gain of the LNA, T, is the noise temperature of the mixer, G, is
the gain of the mixer, T is the noise temperature of the IF amplifier, and G is the gain of the IF
amplifier. P,, is the noise power at the output of the receiver.



The total noise power at the output of the IF amplifier of the receiver in Figure 4.7a is
given by

Pn = GIF kTﬂ: Bn -+ GIF Gm kTm Bn + G[[_' Gm GRF an(TRF + Tin) watts (4.16)

where Ggp, G, and Gjp are respectively the gains of the RF amplifier, mixer, and IF
amplifier, and Tpp, T,,, and T are their equivalent noise temperatures. T;, is the noise
temperature of the antenna, measured at its output port. Antennas do not usually gen-
erate noise unless they have ohmic loss. T}, accounts for noise radiated into the antenna
from the signal path through the atmosphere and also any noise radiated from the earth
into the sidelobes of the antenna pattern. Initial calculations of system noise tempera-
ture are usually made by assuming clear sky conditions and using an assumed value for
attenuation on the signal path. Calculation of an exact antenna temperature requires
convolution of the 3-D antenna pattern with a model of the 3-D temperature profile of
the earth and sky, and is rarely attempted.

Any part of the signal path that incurs a loss by absorption of signal energy results in
the generation of thermal noise. This is called an ohmic loss to distinguish it from other
types of loss such as path loss. The loss in the atmosphere in clear sky conditions (no rain
present) is caused mainly by absorption of microwave signal energy by oxygen and water
vapor molecules. Because these molecules absorb microwave energy they also radiate
thermal noise that is received by the earth station antenna. Thermal noise generated by
the atmosphere is characterized by sky noise temperature.



Figure 4.7a shows a model of a noiseless receiver in which each block in the receiver
is replaced by a noiseless block followed by an equivalent noise source at the output of
the block. The noise source in each case has a noise temperature that results in the same
output noise power as the noisy device, measured in the receiver noise bandwidth. In
Figure 4.7b, the noise sources are combined into a single equivalent system noise source
with a noise temperature T at the input of the receiver, and the receiver is represented
as a single noiseless block that has the same end to end gain as the receiver in Figure 4.7a.
Figure 4.7c is an alternative configuration to Figure 4.7b with a single equivalent noise
source with noise temperature T, , at the output of the receiver.

Equation (4.16) can be rewritten as

k Ty B, N k Ty B,
(Grn GRF) Grr

P, = Gy G, Gpr + kB, (TRF + in)

Trn TIF
GRF Grn GRF
Noiseless Figure 4.7b Noise model of receiver with a single
receiver noise source T, the system noise temperature, at the
input to a noiseless receiver with identical gain to
Tin Gain p,  thereceiverin Figure 4.7a.
Gpe- G- Ge—*

Noise
source
TS



Noiseless Figure 4.7c Noise model of receiver with a single

lossy device noise source T, , the system noise temperature, at
the input to a noiseless receiver with identical gain to
Tin Gain Pn  thereceiverin Figure 4.7a.
G,

Noise
source
T

no

The single source of noise shown in Figure 4.7b with noise temperature T, generates
the same noise power P, at its output as the model in Figure 4.7a

P, = G, Gip Ggp kT B, watts (4.18)

The noise power at the output of the noise model in Figure 4.7b will be the same as
the noise power at the output of the noise model in Figure 4.7a if

T T,
B T.=kB, |T T, m IF
k n4s k n[ RF+ m+GRF+GmGRF

] watts (4.19)

Hence the equivalent noise source in Figure 4.7b has a system noise temperature T
where

T, T,
T, = |Top + Tin + == + IP]K 4.20
’ l ST Goe | GrGie (420
Succeeding stages of the receiver contribute less and less noise to the total system
noise temperature. Frequently, when the RF amplifier in the receiver front end has a
high gain, the noise contributed by the IF amplifier and later stages can be ignored and
the system noise temperature is simply the sum of the antenna noise temperature and
the LNA noise temperature, s0 Ty = T}, tenna + I1.n4- Note that the values for component
gains in Eq. (4.20) must be linear ratios, not in decibels.



The noise model shown in Figure 4.7b replaces all the individual sources of noise in
the receiver by a single noise source at the receiver input. This assumes that all the noise
comes in from the antenna or is internally generated in the receiver. In some circum-
stances, we need to use a different model to deal with noise that reaches the receiver after
passing through a lossy medium. Waveguide and rain losses are two examples. When
raindrops cause attenuation, they radiate additional noise whose level depends on the
attenuation. We can model the noise emission as a noise source placed at the output of
the atmosphere, which is the antenna aperture. The noise model for an equivalent out-

put noise source is shown in Figure 4.7c, and produces a noise temperature 7, given by

Tho = T,(1 - G) K (4.21)

where G is the linear gain (less than unity, not in decibels) of the attenuating device or
medium, and T, is the physical temperature in degrees kelvin of the device or medium.
For an attenuation of A dB, the value of G; is given by

G, = 1074/10 (4.22)

Table 4.3 Gain and noise temperature values for 4 GHz receiver example

T, 25K

Tie 50K

T, 500K

T 1000K

Ggrr 23dB (ratio 200)

Gie 30dB (ratio 1000)




Example 4.3

Suppose we have a 4 GHz receiver with the gains and noise temperatures in Table 4.3.
Calculate the system noise temperature assuming that the mixer hasa gain G_, =0dB.

Recalculate the system noise temperature when the mixer has a 10 dB loss. How can the

noise temperature of the receiver be minimized when the mixer has a loss of 10 dB?

Answer
The system noise temperature is given by Eq. (4.20)

T, = [25+ 50 + (500/200) + (1000/200)] = 82.5 K

If the mixer had a loss, as is usually the case, the effect of the IF amplifier would be
greater. For a mixer with a loss of 10dB, G, = —10dB and the linear value is G, = 0.1
as a ratio. Then

T, = [25 + 50 + (500/200) + (1000/20)] = 127.5 K

The lowest system noise temperatures are obtained by using a high gain LNA. Suppose
we increase the LNA gain in this example to Gyp = 50 dB, giving a ratio Gz = 10° Then

T, = [25 + 50 + (500/10°) + (1000/10%)] = 75.1 K

The high gain of the RF LNA has made the system noise temperature almost as low

as it can go. The minimum value of T is given by T, . where in this example

T min=Tin + Ty =75K
The mixer and IF amplifier contribute almost nothing to the system noise tempera-

ture. LNAs for use in satellite receivers usually have gains in the range 40-55 dB with
the result that system noise temperature can be equated to T;,, + 7.



Example 4.4

The system illustrated in Example 4.3, Table 4.3, has an LNA with a gain of 50 dB. A sec-
tion of lossy waveguide with an attenuation of 2 dB is inserted between the antenna and

the RF amplifier. Find the new system noise temperature for a waveguide temperature
of 300°K.

Answer
The waveguide loss of 2 dB (ratio 1.58) can be treated as a gain, G, that is less than unity:
G, = 1/1.58 = 0.631. The lossy waveguide attenuates the incoming noise and adds noise

generated by its own ohmic loss. The equivalent noise generator placed at the output
of the section of waveguide that represents the noise generated by the waveguide has a
noise temperature 7, where

Tyg = Tp(1 — G}) = 300(1 — 0.631) = 110.7 K

The waveguide attenuates the noise from the antenna, so T;, = 0.631 X 25 = 15.8K
The new system noise temperature, referred to the input of the LNA, is

T, = 15.8 + 110.7 + 50 + (500/10%) + (1000/10%) = 176.6 K

The system noise temperature is 10 log;, (176.6/75) = 3.7 dB higher than the original
receiver configuration without the 2 dB waveguide loss. In addition, we have lost 2 dB of
signal power so the receiver output CNR is reduced by 5.7 dB. Avoiding losses between
the antenna and LNA is critical in a low noise receiver, which is why the LN A is mounted
immediately behind the antenna feed in virtually all satellite communication receivers.
Antennas for GPS receivers typically include an LNA in the antenna base, powered by
a DC voltage across the conductors of the coaxial cable connecting the antenna to the
GPS receiver. However, the RF filter in a GPS receiver is typically located ahead of the
LNA to block interference that could saturate the amplifier. Any loss in the RF filter and
the corresponding increase in system noise temperature is accepted in exchange for the
reduction in interference.



We can refer the system noise temperature to the antenna output port by dividing the
above result by Gj. This transfers the noise source from the LNA input to the waveguide
input.

T, = 176.6/0.631 = 280 K

The new system noise temperature is 5.7 dB higher than the system noise temperature
without the lossy waveguide, but there is no longer a loss of signal, so we have the same
result for the reduction in CNR.

Note that when the system noise temperature is low, each 0.1 dB of attenuation ahead
of the RF amplifier will add approximately 6.6 K to the system noise temperature. Using
the formula in Example 4.2 with T}, =290 °K, G; = —0.1 dB = 0.977 as a ratio gives

T, = 290 X 0.023 = 6.6 K

This is the reason for placing the front end of the receiver at the output of the antenna
feed. Waveguide losses ahead of the LNA can have a disastrous effect on the system
noise temperature of low noise receiving systems.

The value of T;,, in Examples 4.3 and 4.4 was set to 25 K. This corresponds to an atmo-
spheric path attenuation of approximately 0.1 X 25/6.6 = 0.4 dB, using the above formula
and rounding to the nearest tenth of a dB, assuming a noiseless antenna. Note that in
the analysis of communication systems, results in decibels are usually quoted to the
nearest tenth of a dB. Including an additional decimal place implies that all calculations
are correct to 0.01 dB, which is never the case because of the assumptions made at the
beginning of the calculation.

Table 4.4 Comparison of noise temperature and noise figure

Noise temperature
(K) ] 20 40 60 80 100 120 150 200 290

Noise figure (dB) 0 0.29 0.56 0.82 1.06 1.29 1.50 1.81 2.28 3.0

Noise temperature 400 600 800 1000 1500 2000 3000 5000 10000
(K)

Noise figure (dB) 3.8 4.9 5.8 6.5 7.9 9.0 10.5 12.6 15.5




4.3.3 Noise Figure and Noise Temperature

Noise figure is frequently used to specify the noise generated within a device. The oper-
ational noise figure is defined by the following formula (Krauss et al. 1980, p. 26)

NF = (SNR);5,/(SNR) (4.23)

where (SNR),, is the SNR at the input to the device and (SNR),,, is the SNR at the out-
put of the device. Because noise temperature is more useful in satellite communication
systems, it is best to convert noise figure to noise temperature, T,,. The relationship is

T.=T,(NF-1)K (4.24)

where the noise figure is a linear ratio, not in decibels and where T is the reference
temperature used to calculate the standard noise figure — usually 290 K. NF is frequently
given in decibels and must be converted to a ratio before being used in Eq. (4.24).

Table 4.4 gives a comparison between noise figure and noise temperature over the
range encountered in typical systems.



4.3.4 G/T Ratio for Earth Stations

The link equation can be rewritten in terms of CNR at the earth station

2 2
v = e lamal =752 [s2al |7 429

8

Thus CNR « G,/T,, and the terms in the square brackets are all constants for a given
satellite system. The ratio G,/T, which is usually quoted as simply G/T in decibels with
units dBK~1, can be used to specify the quality of a receiving earth station or a satellite
receiving system, since increasing G,/T increases the received CNR.

Satellite terminals may be quoted as having a negative G/7; which is below 0 dBK™.

This simply means that the numerical value of G, is smaller than the numerical value
of T,.



Example 4.5 Earth Station G/T Ratio

An earth station antenna has a diameter of 30 m with an aperture efficiency of 68% and
is used to receive a signal at 4150 MHz. At this frequency, the system noise temperature
is 60 K when the antenna points at the satellite at an elevation angle of 28°. What is the

earth station G/T ratio under these conditions? If heavy rain causes the sky temperature
to increase so that the system noise temperature rises to 88 K, what is the new G/T value?

Answer
First calculate the antenna gain. For a circular aperture

G, = np4nA[A* = np(xD/2)?
At 4150 MHz, A = 0.0723 m. Then

G = 0.68 x (730/0.0723)% = 1.16 x 10° or 60.6 dB
Converting T, into dBK

T, = 10 log,,60 = 17.8 dBK

G/T = 60.6 — 17.8 = 42.8 dBK

If T, = 88 K in heavy rain

G

T = 60.6 —19.4 = 41.2dB/K






4.4 DESIGN OF DOWNLINKS

The design of any satellite communication is based on two objectives:Lmeefing a mini-

mum C/N ratio|for a specified percentage of time, and|carrying the maximum revenue

earning traffic at minimum cost. There is an old saying that “an engineer 1s a person who
can do for a dollar what any fool can do for one hundred dollars.” This applies to satel-
lite communication systems. Any satellite link can be designed with very large antenna

to achieve high C/N ratios under all conditions, but the cost will be high. The art of gOOSI

system design 1s to reach the best compromise of system parameters that meets the spec-
ification at the lowest cost. For example, 1if a satellite link 1s designed with sufficient mar-
oin to overcome a 20-dB ram fade rather than a 3-dB fade, earth station antennas with
seven times the diameter are required.




All satellite communications links are affected by rain attenuation. In the 6/4
GHz band the effect of rain on the link is small. In the 14/11 GHz (Ku) band, and
even more so in the 30/20 GHz (Ka) band, rain attenuation becomes all important.

Satellite links are designed to achieve reliabilities of 99.5 to 99.99%, hveraged over a

long pertod of time, typically a year. That means the C/N ratio in the receiver will fall
below the minimum permissible value for proper operation of the link for between 0.5
and 0.01% of the specified time; [the link 1s then said to suffer an outage|The time pe-
riod over which the percentage of time 1s measured can be a month, sometimes the
“worst month” in attenuation terms, or a year. Rain attenuation is a very variable phe-
nomenon, both with time and place. Chapter 8 discusses the prediction of path atten-
uation and provides ways to estimate the likely occurrence of outages on a given link.
In this chapter we will simply assume certain rain attenuation statistics to use in
examples of link design.




Link Budgets

C/N ratio caleulation is simplified by the use of link budgets.|A link budget is a tabular

method for evaluating the recetved power and noise
imvariably use decibel units for all quantities so that

power n a radio link. Link budgets
signal and noise powers can be cal-

culated by addition and subtraction. Since it 15 usually impossible to design a satellite link

at the first attempt, link budgets make the task muc

1 easier because, once a link budget

has been established, 1t is easy to change any of the
Tables 4.4a and 4.4b show a typical link budget fo

narameters and recalculate the result,
r a C-band downlink using a global

beam on 2 GEO satellite and a 9-m earth station antenna.



The Link budget must be calculated for an individual transponder, and must be re-
peated for each of the imdividual links| In a two-way satellite communication link|there
will be four separate links, each requiring a calculation of C/N ratio. When a bent pipe
transponder is used the uplink and downlink C/N ratios must be combined to give an
overall C/N. In this section we will calculate the C/N ratio for a single link. Later ex-
amples 1n this chapter demonstrate the evaluation of a complete satellite communication
system.

Link budgets are usually caloulated for 2 worst case,the one in which the ink will
have the lowest C/N ratio. Factors which contribute to a worst case scenario nclude: an
earth station located a the edge of the satelite coverage zone where the received signa
s typically 3 dB lower than inthe center of the zone because of the satelite antenna pal-
e, maximum path length from the satelite to the eath station, a low elevation angle a




The calculation of carrier to noise ratio in a satellite link is based on the two equa-
tions for received signal power and receiver noise power that were presented in Sections
4.1 and 4.2. Equation 4.11 gives the received carrier power in dB watts as

P.=EIRP + G.— Ly = Ly— L, —~ L, dBW (4.24)

A receiving terminal with a system noise temperature 7.K and a noise bandwidth
B, Hz has a noise power P, referred to the output terminals of the antenna where

P, = kT,B, watts (4.25)

The receiving system noise power is usually written in decibel units as
N=k+ T, + B,dBW (4.26)

where £ 1s Boltzmann’s constant (—228.6 dBW/K/Hz), T, is the system noise temperature
in dBK, and B, is the noise bandwidth of the receiver in dBHz. Note that because we are
working in units of power, all decibel conversions are made as 10 log,,(7) or 10 log,((B,).

The 20 log,, factor used in the calculation of path loss results from the (47R/A)” term in
the path loss equation.



Link Budget Example: C-Band Downlink
for Earth Coverage Beam

The satellite used in this example (see Tables 4.4a and 4.4b) 1s in geostationary earth or-
bit and carries 24 C-band transponders, each with a bandwidth of 36 MHz. The downlink
band 1s 3.7-4.2 GHz and the satellite uses orthogonal circular polarizations to provide an
effective RF bandwidth of 864 MHz. The satellite provides coverage of the visible earth,
which subtends an angle of approximately 17° from a satellite in a geostationary orbit,
by using a global beam antenna. Since antenna beamwidth and gain are linked together
[3 dB beamwidth ~ V/(33,000/G) where G is a ratio, not in decibels], the on-axis gain
of the global beam antenna 1s approximately 20 dB. However, we must make the link
budget calculation for an earth station at the edge of the coverage zone of the satellite
where the effective gain of the antenna is 3 dB lower, at 17 dB. The C/N ratio for the
downlink 1 calculated i clear air conditions and also in heavy rain.




TABLE 4.4a C-Band GEO Satellite Link Budget in Clear Air

C-band satellite parameters
Transponder saturated output power
Antenna gain, on axis
Transponder bandwidth
Downlink frequency band
Signal FM-TV analog signal
FM-TV signal bandwidth
Minimum permitted overall C/N in receiver
Receiving C-band earth station
Downlink frequency
Antenna gain, on axis, 4 GHz
Receiver IF bandwidth
Receiving system noise temperature
Downlink power budget

P, = Satellite transponder output power, 20 W
B, = Transponder output backoff
G, = Satellite antenna gain, on axis

= Earth station antenna gain
5 Free space path loss at 4 GHz

-~ o
|

L... = Edge of beam loss for satellite antenna
L, = Clear air atmospheric loss
L., = Other losses
P, = Received power at earth station
e e e — e e o

Downlink noise power budget in clear air

k = Boltzmann’'s constant

T. = System noise temperature, 75 K
B, = Noise bandwidth, 27 MHz

N = Receiver noise power

C/N ratio in receiver in clear air
C/N =P — N= —119.5 dBW — (—135.5 dBW) = 16.0 dB

20 W

20 dB

36 MHz
3.7-4.2 GHz

30 MHz
9.5 dB

4.00 GHz

49.7 dB
27 MHz
75 K

13.0 dBW
—2.0 dB
20.0 dB
49.7 dB
—196.5 dB
—3.0 dB
—0.2 dB
—0.5 dB
—119.56 dBW

—228.6 dBW/K/Hz
18.8 dBK
74.3 dBHz
—135.5 dBW |




TABLE 4.4b C-Band Downlink Budget in Rain

f

P.. = Received power at earth station in clear air  —119.5 dBW
A = Rain attenuation -1.0 dB
P.. = Received power at earth station in rain —120.5 dBW
N., = Receiver noise power in clear air —135.5 dBW
AN.... = Increase in noise temperature due to rain 2.3 dB
N...., = Receiver noise power in rain -133.2 dBW

C/N ratio in receiver in rain
CIN =P,,— N,,=—120.5dBW — (-133.2dBW) = 12.7 dB




An antenna with a gain of 20 dB has an effective aperture diameter of 5.6 wave-
lengths [G = n(wD/A)?*], which gives D = 0.42 m ata frequency of 4 GHz. The calculation
of C/N ratio is made at a mid-band frequency of 4 GHz. _

The saturated output power of the transponder is 20 W = 13 dBW. We will as-
sume an output back-off of 2 dB, so that the power transmitted by the transponder 1s 11
dBW. Hence the on-axis EIRP of the transponder and antenna is P,G, = 11 + 20 = 31
dBW. The transmitted signal is a single 30-MHz bandwidth analog FM-TV channel in
this example. Following common practice for analog TV transmission, the receiver noise

bandwidth 1s set to 27 MHz, slightly less than the 30-MHz bandwidth of the FM-TV
signal.



The receiving earth station has an antenna with an aperture diameter of 9 m and a
gain of 49.7 dB at 4 GHz, and a receiving system noise temperature of 75 K in clear air
conditions. The G/T ratio for this earth station is G/T = 49.7 — 10 log,, 75 = 30.9 dBK ™.
The maximum path length for a GEO satellite link 1s 40,000 km, which gives a path loss
of 196.5 dB at 4 GHz (A = 0.075 m). We must make an allowance in the link budget for
some losses that will inevitably occur on the link. At C band, propagation losses are small,
but the slant path through the atmosphere will suffer a typical attenuation of 0.2 dB in
clear air. We will allow an additional 0.5-dB margin in the link design to account for mis-
cellaneous losses, such as antenna mispointing, polarization mismatch, and antenna degra-
dation, to ensure that the link budget is realistic.

The earth station receiver C/N ratio is first calculated for clear air conditions, with
no rain in the slant path. The C/N ratio is then recalculated taking account of the effects
of rain. The minimum permitted overall C/N ratio for this link is 9.5 dB, corresponding
to the FM threshold of an analog satellite TV receiver. Table 4.4a shows that we have a
downlink C/N of 16.0 dB in clear air, giving a link margin of 6.5 dB. This link margin
s available in clear air conditions, but will be reduced when there is rain in the slant path.

Heavy rain in the slant path can cause up to 1 dB of attenuation at 4 GHz, which
reduces the received power by 1 dB and increases the noise temperature of the receiving
system. Using the output noise model discussed in the previous section with a medium
temperature of 273 K, and a total path loss for clear air plus rain of 1.2 dB (ratio of 1.32),
the sky noise temperature in rain 1s

T = 273 X (1 — 1/1.32) = 66 K



In clear air the sky noise temperature is about 13 K, the result of 0.2 dB of clear air
attenuation. The noise temperature of the receiving system has therefore increased by
(66 — 13) K=53Kto75 + 53K = 128 K with 1 dB rain attenuation in the slant path,
from a clear air value of 75 K. This is an increase in system noise temperature of 2.3 dB.

We can now adjust the link budget very easily to account for heavy rain in the slant
path without having to recalculate the C /N ratio from the beginning. The received carrier
power is reduced by 1 dB because of the rain attenuation and the system noise tempera-
ture is increased by 2.3 dB. Table 4.4b shows the new downlink budget in rain.

The C/N ratio in rain has a margin of 3.2 dB over the minimum permissible C/N
ratio of 9.5 dB for an analog FM-TV transmission. The C/N margin will translate into a
higher than needed S/N ratio in the TV baseband signal, and can be traded off against
earth station antenna gain to allow the use of smaller (and therefore lower cost) antenna.
We should always leave a small margin for unexpected losses if we want to guarantee a
particular level of reliability in the link. In this case, we will use a 2-dB margin and ex-
amine how the remaining 1.2 dB of link margin can be traded against other parameters
in the system.
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A reduction in earth station antenna gain oI 1.Z @b 18 & Ieducuul L we gai
value, as a ratio, of 1.32. Antenna gain is proportional to diameter squared, so the
diameter of the earth station antenna can be reduced by a factor of V 1.32 = 1.15, from
9 m to 7.8 m.

We could transmit a QPSK signal from the satellite instead of an analog FM sig-
nal. Using the 27-MHz noise bandwidth receiver, we could transmit a digital signal at 54
Mbps using QPSK, but would require a minimum C/N ratio in the receiver of 14.6 dB,
allowing a 1-dB implementation margin and a minimum BER of 107° The link margin
would be —1.9 dB under heavy rain conditions, so we would need to increase the earth
station antenna diameter by a factor of 1.55 to 13.9 m to provide a C/N ratio of 14.6 dB
under heavy rain conditions. A 54-Mbps digital signal could carry seven digital TV signals



using MPEG-2 compression, a much more attractive proposition than carrying a single
analog FM-TV signal, although at the cost of a larger earth station antenna.

Global beam antennas are not widely used, although most Intelsat satellites carry
them. Regional TV signal distribution is much more common, so the C-band link in
Tables 4.4a and 4.4b is more likely to use a regional antenna, serving the United States,
for example, with a 6° by 3° beam. The gain of a typical satellite antenna providing cov-
erage of the 48 contiguous states is 32.0 dB on axis (G = 33,000/6, X 0,), which is
12.0 dB higher than the on-axis gain of a global beam. Using the link budget in Tables
4.4a and 4.4b, we can trade the extra 12-dB gain of a regional coverage satellite antenna
for a reduction in earth station antenna dimensions. For the example of a 9.0-m antenna
receiving analog FM-TV, we could reduce the antenna diameter by a factor of 4 to 2.25
m (approximately 7 ft 6 inch diameter). This is the smallest size of antenna used by home
satellite TV systems operating in C band.

The above examples show how the link budget can be used to study different com-
binations of system parameters. Most satellite link analyses do not yield the wanted re-
sult at the first try, and the designer or analyst must use the link budget to adjust system
parameters until an acceptable result is achieved. More examples of link budgets are
included later in this chapter.






Question #1.

A C-band earth station has an antenna with a transmit gain of 54 dB. The transmitter output
power is set to 100 W at a frequency of 6.100 GHz. The signal is received by a satellite at a

distance of 37,500 ki by an antenna with a gain of 26 dB. The signal is then routed to a

transponder with a noise temperature of 500 K, a bandwidth of 36 MHz, and a gain of 110 dB.

a. Calculate the path loss at 6.1 GHz. Wavelength 1s 0.04918 m.

b. Calculate the power at the output port (sometimes
called the output waveguide flange) of the satellite
antenna, in dBW.

c¢. Calculate the noise power at the transponder in-
put, in dBW, in a bandwidth of 36 MHz.

d. Calculate the C/N ratio, in dB, in the transponder.

e. Calculate the carrier power, in dBW and in W, at
the transponder output.



Answer: Pathloss = 20log(4n R/XA) = 20log (4 m x 37,500 x 10° /0.04918) dB

L, = 199.6dB
Answer: Uplink power budget gives
P, =P +G +G-L, dBW
= 20+54+26—-199.6 = -99.6 dBW

Answer: N = kT, By = -228.6 +27+75.6 = -126.0 dBW

Answer: C/N = P,—N = -996+126.0 = 26.4dB

Answer: The gain of the transponder 1s 110 dB. Output power 1is

P, =P.+G = -996+110 = 10.4dBW or 10" =11.0W.



2. The satellite in Question #1 above serves the 48 contiguous states of the US. The antenna

on the satellite transmits at a frequency of 3875 MHz fo an earth station at a distance of 39,000

km. The antenna has a 6° E-W beamwidth and a 3° N-S beamwidth. The receiving earth station

has an antenna with a gain of 53 dB and a system noise temperature of 100 K and 1s located at

the edge of the coverage zone of the satellite antenna. (Assume antenna gain is 3 dB lower than

m the center of the beam)

Ignore your result for transponder output power in Question 1 above. Assume the

transponder carrier power 1s 10 W at the input port of the transmit antenna on the satellite.

a. Calculate the gain of the satellite antenna in the
direction of the receiving earth station. [Use the
approximate formula G = 33,000/(product of
beamwidths).]

b. Calculate the carrier power received by the earth
station, in dBW.

¢. Calculate the noise power of the earth station in
36 MHz bandwidth.

_,.d‘ Hence find the C/N in dB for the earth station.



a. Calculate the gain of the satellite antenna in the direction of the receiving earth station.
[Use the approximate formula G = 33.000/(product of beamwidths).]
Answer: G = 33,000/ (6x3) = 1833 or 32.6 dB on axis.

Hence satellite antenna gain towards earth station 1s 32.6 — 3 = 29.6 dB.

b. Calculate the carrier power received by the earth station. in dBW.,
Answer: Calculate the path loss at 3.875GHz. Wavelength 1s 0.07742 m.
Pathloss = 20log(4n R/%) = 20log (4 7 =« 39.000 = 10° / 0.07742) dB
I; = 196.0dB
Downlink power budget gives
Pr =RB+G+G-L, dBW
= 10+29.6+53-196.0 = -103.4 dBW

c. Calculate the noise power of the earth station in 36 MHz bandwidth.

Answer: N = kT; By = -22806 +20+75.6 = -133.0dBW

d. Hence find the C/N in dB for the earth station.
Answer: C/N =P,—N = -103.4+133.0 = 29.6dB



3. A 14/11 GHz satellite communication link has a transponder with a bandwidth of 52 MHz
which 1s operated at an output power level of 20W. The satellite transmit antenna gain at
11 GHz 1s 30 dB towards a particular earth station. Path loss to this station 1s 206 dB ., including
clear air atmospheric loss.

The transponder 1s used i FDMA mode to send 500 BPSK voice channels with half rate
FEC coding. Each coded BPSK signal has a symbol rate of 50 kbps and requires a receiver with

a noise bandwidth of 50 kHz per channel. The earth stations used to receive the voice signals
have antennas with a gain of 40 dB (1m diameter) and a receiver with Tiystem = 150K in clear

air, and IF noise bandwidth 50 kHz.

a. Calculate the power transmitted by the satellite in
one voice channel.

b. Calculate the C/N in clear air for an earth station
receiving one BPSK voice signal.

c. What 1s the margin over a coded BPSK threshold
of 6 dB?



a. Calculate the power transmitted by the satellite in one voice channel.
Answer: In FDMA., the output power of the transmitter is divided equally between the

channels. For Py = 20 W and 500 channels, power per channels is 20 / 500 = 40 mW/ch.

b. Calculate the C/N 1in clear air for an earth station receiving one BPSK voice signal.
Answer: Each channel receiver has a noise bandwidth of 50 kHz or 47 dBHz.
Path loss at 11GHz 1s 206.0 dB, including atmospheric loss..
Downlink power budget for one FDMA channel gives
P = P+ G +G-1Lp, dBW
= -14.0+ 30.0 + 40.0 — 206.0 = -150.0 dBW
The noise power at the input to the receiver is
N = kT;By = -228.6 +21.8 +47.0 = -159.8 dBW
Hence C/N = P,—N = -150.0+159.8 = 9.8 dB.

c. What 1s the margin over a coded BPSK threshold of 6 dB?
Answer: Margin is receiver C/N — minimum permitted C/N, in dB

Margin = 9.8 - 6.0 = 3.8 dB.



4. Geostationary satellites use L. C, Ku and Ka bands. The path length from an earth station to
the GEO satellite is 38,500 km. For this range, calculate the path loss in decibels for the
tollowing frequencies:

Note: Round all results to nearest 0.1 dB.

a. 1.6 GHz, 1.5 GHz
Wavelengths are: 1.6 GHz, &~ = 0.1875 m: 1.5GHz, + = 0.200 m.
a. 1.6 GHz, 1.5 GHz b. 6.2 GHz, 4.0 GHz

¢. 14.2 GHz, 12.0 GHz d. 30.0 GHz, 20.0 GHz



Answer: Pathloss = 20log (47T R/ 1)
For 1.6 GHz, I, = 201log (4 7 » 38.500 x 10° /0.1875) = 188.2dB

For 1.5 GHz, L, = 20 log (47 » 38,500 ¥ 10°/0.200) = 187.7dB

Path loss at frequency £ can be found from path loss at frequency f; by scaling:

Lp(h) = Lp(fi) +20log (b / fi). Using the result for 1.6 GHz, I, = 188.2 dB:

b. 6.2 GHz, 4.0 GHz
Answer: At6.2GHz. I, = 188.2dB +201log(6.2/1.6) = 200.0 dB

At4.0GHz. I, = 188.2dB+201log(4.0/1.6) = 196.2 dB

c. 14.2 GHz, 12.0 GHz

Answer: At 146.2 GHz, I, = 188.2dB +201log (14.2/1.6)
At12.0GHz, I, = 1882dB +20log(12.0/1.6) = 205.7 dB

7.2dB

d. 30.0 GHz 20.0 GHz
At30.0GHz, I, = 188.2dB +201log (30/1.6) = 213.7dB

At20.0GHz. L, = 188.2dB +201log (20/1.6) = 210.1 dB

Note: All commercial satellite systems have path losses that fall within the above range.

Answer:

excepting any in the vhf and uhf bands, and above 40 GHz.



5. Low earth orbit satellites use mainly L band, with ranges varying from 1000 km to 2,500 km.

e

Calculate the maximum and minimum path loss from earth to a satellite, in dB. for the uplink

frequency of 1.6 GHz, and the downlink frequency of 1.5 GHz.

1.5 GHz, » = 0.200 m.

Answer: Wavelengths are: 1.6 GHz, » = 0.1875 m:

Pathloss = 20log(4® R/ 4)
For 1.6 GHz. Maximum I, = 20 log (4 7 x 2,500 x 10° /0.1875) = 64.5dB

For 1.5GHz. I, = 20log (4 7 x 38,500 x 10° /0.200) = 187.7 dB



6. A geostationary satellite carries a transponder with a 20 watt transmitter at 4 GHz. The
transmitter 1s operated at an output power of 10 watts and drives an antenna with a gain of 30 dB.
An earth station 1s at the center of the coverage zone of the satellite. at a range of 38.500 km.

Using decibels for all calculations, find:

a. The flux density at the earth station in dBW/m?.

b. The power received by an antenna with a gain of
39 dB, in dBW.

c. The EIRP of the transponder in dBW.



a. The flux density at the earth station in dBW /nt
Answer: Flux densityis given by F = 20log[Pi G/ (4 R%) ] dBW /nf
Hence for R = 38,500 km, f = 4 GHz, » = 0.075m
F = 10logP; + G, - 10log (4 ) - 20 log (38.500 x 10° ) dBW / nt
= 10.0 +30.0 - 11.0 - 151.7 = -122.7 dBW / nt

b. The power recerved by an antenna with a gain of 39 dB. in dBW.
Answer: Received power can be calculated from the effective area of the antenna aperture and
the incident flux density. but since the antenna gain 1s given in dB, it 1s better to use path loss and
the link budget.

Pathloss I, = 20log (4™ R/A) = 10log (4w x 38,500 x 10°/0.075) = 196.2 dB
Downlink power budget gives

P = Ph+G+G-L, dBW

= 10.0+30.0+39.0-1962 = -117.2dBW

Alternatively. the received power can be found from

P; = F x Ao where Aqg 1s the effective aperture area of the antenna.

Given G = 4 T Aerr/ 7> = 39 dB. we can find Aesr from

Acr = G + 20logir -11.0dB = 39.0-225-11.0 = 55dBnr
P, = -122.7+5.5 = - 117.2 dBW /ot

c¢. The EIRP of the transponder in dBW.
Answer: Transponder EIRP = P+ G = 10+ 30 =40dBW



7. A LEO satellite has a multrbeam antenna with a gain of 18 dB in each beam. A
transponder with transmitter output power of 0.5 watts at 2.5 GHz 1s connected to one antenna
beam. An earth station is located at the edge of the coverage zone of this beam. where the
received power 1s 3 dB below that at the center of the beam. and at a range of 2.000 km from the

satellite. Using decibels for all calculations. find:

a. The power received by an antenna with a gain of
+1 dB, in dBW.

b. The noise power of the earth station receiver for a
noise temperature of 260 K and an RF channel band-
width of 20 kHz.

c. The C/N ratio in dB for the LEO signal at the
receiver output. | .



a. The power received by an antenna with a gain of +1 dB. in dBW.

Answer: Find the path loss, I, . first, for a wavelength of 2 = 0.120 m:

Pathloss I; = 20log(dmn R/A) = 10log (4 m x 2000 10% / 0.120) = 166.4 dB
Downlink power budget gives
P; = Pt~ Gt + G- L - losses dBW
=-30+18.0+1.0-1664-3.0 = -153.4dBW
b. The noise power of the earth station receiver for a noise temperature of 260K and an RF
channel bandwidth of 20 kHz.
Answer: The noise power at the input to the receiver 1s

N = kT;By = -228.6 +24.1 +43.0 = -161.5 dBW

c. The C/N ratio in dB for the LEO signal at the receiver output.

Answer: C/N = P;—-N = -153.4+161.5 = 8.1 dB.



8. A satellite in GEO orbit is a distance of 39,000 km from an earth station. The required flux

density at the satellite to saturate one transponder at a frequency of 14.3 GHz 15 -90.0 dBW/nr.

The earth station has a transmitting antenna with a gain of 52 dB at 14.3 GHz.

Find:
a. The EIRP of the earth station.
b. The output power of the earth station transmitter.



a. The EIRP of the earth station

Answer: EIRP = P, -+ G; = B + 52dBW

Flux density 1s given by F = 20log [ EIRP/ (4 7 R’ )] dBW/nr’

Hence for R = 39000 km., £ = 14.3 GHz, » = 0.02010m
F = -90.0 = EIRP - 10log (4 m) - 20 log (39.000 = 10° ) dBW/ nt
-90.0 = EIRP-11.0-151.8 dBW /nr
EIRP = -90.0 +162.8 = 72.8 dBW

b. The output power of the earth station transmitter.

Answer: EIRP = Py -+ Gt = 72.8 dBW. Hence P = 72.8 —52.0 = 20.8 dBW.



9. A 12 GHz earth station receiving system has an antenna with a noise temperature of S0K. a

LNA with a noise temperature of 100 K and a gain of 40 dB. and a nuxer with a noise

temperature of 1000 K. Find the system noise temperature.

Answer: System noise temperature is calculated from
Ts = Taptenna — Tina * Thiver / Grna + ...
Hence for Giys = 40 dB = 10.000 as a ratio
T, = 50 + 100 + 1000/10,000 = 150.1K



10. A geostationary satellite carries a C-band transponder which transmits 20 watts into an

antenna with an orraxis gain of 30 dB. An earth station 1s in the center of the antenna beam

from the satellite. at a distance of 38,000 km. For a frequency of 4.0 GHz:

a. Calculate the incident flux density at the earth station in watts per square meter and in
dBW/m?.

b. The earth station has an antenna with a circular
aperture 2 m in diameter and an aperture efficiency
of 65% . Calculate the received power level in W and
in dBW at the antenna output port.

c. Calculate the on-axis gain of the antenna in dB.
d. Calculate the free space path loss between the
satellite and the earth station.

Calculate the power received, P, at the earth sta-
tion using the link equation:

P, = PGG,/L,

where PG, is the EIRP of the satellite transponder
and L, is the path loss.

Make your calculation in dB units and give your
answer in dBW.



a. Calculate the incident flux density at the earth station in watts per square meter and in

dBW/m?2.
Answer: Flux density is given by F = 20log [ EIRP/ (4 = R?) ] dBW/n?
Hence for R = 38,000 km, f = 4.0 GHz, ». = 0.0750m. EIRP = 13.0+30.0 = 43.0dBW
F= 430 -10log(4 ) - 20 log (38,000 x 10° ) dBW /nf
= 43.0-11.0-151.6 = -119.6 dBW /0T

b. The earth station has an antenna with a circular aperture 2 m in diameter and an aperture
efficiency of 65%. Calculate the received power level in watts and in dBW at the antenna
output port.
Answer: The effective area of the antenna 1s

At = NaTr = 0.65x7T x1 = 2.042m or 3.1 dBnr
For an incident flux density of -119.6 dBW / nf or 1.10 x 107 W/n’

P; = 2.042x1.10x 107 = 224 % 10° W or-116.5 dBW
or Py = -119.6 +3.1 = -116.5dBW



¢. Calculate the omraxis gain of the antenna in dB.
Answer: Antenna gain for a circular aperture is given by G = na(n D/ }-5)2

G = 101log (0.65 x (n x 2/0.0750)*) = 36.6 dB

d. Calculate the free space path loss between the satellite and the earth station.
Calculate the power received. Pr, at the earth station using the link equation:
P: = P, G: Ge/ Lp
where P; Gy 1s the EIRP of the satellite transponder and Ly 1s the path loss.
Make your calculation in dB units and give vour answer in dBW.
Answer: Ata frequency of 4.0 GHz, /. = 0.075 m.
Pathloss = 20log(4n R/4) = 20log (4 7 »x 38.000 x 10°/ 0.075) dB
L, = 196.1 dB
Downlink power budget gives
P: = P+ G + G- L, dBW
= 13+30.0+36.6-196.1 = -116.5dBW






4.8 SYSTEM DESIGN EXAMPLES

f

The following sample system designs demonstrate how the ideas developed in this chap-
ter can be applied to the design of satellite communication systems.

TABLE 4.6 System and Satellite Specification

Ku-band satellite parameters
Geostationary at 73° W longitude, 28 Ku-band transponders

Total RF output power 2.24 kW
Antenna gain, on axis (transmit and receive) 31dB
Receive system noise temperature 500 K
Transponder saturated output power:  Ku band 80 W
Transponder bandwidth: Ku band 54 MHz
Signal Compressed digital video signals with transmitted symbol rate of 43.2 Msps
Minimum permitted overall (C/N), in receiver 9.5 dB
Transmitting Ku-band earth station
Antenna diameter 5m
Aperture efficiency 68%
Uplink frequency 14.15 GHz
Required C/N in Ku-band transponder 30 dB
Transponder HPA output backoff 1dB
Miscellaneous uplink losses 0.3dB

Location: —2 dB contour of satellite receiving antenna



Receiving Ku-band earth station
Downlink frequency
Receiver IF noise bandwidth
Antenna noise temperature
LNA noise temperature
Required overall (C/N), in clear air
Miscellaneous downlink losses
Location: —3 dB contour of satellite transmitting antenna
Rain attenuation and propagation factors
Ku-band clear air attenuation
Uplink 1415 GHz
Downlink  11.45 GHz
Rain attenuation
Uplink 0.01% of year
Downlink  0.01% of year

11.45 GHz
43.2 MHz
30 K
110 K
17 dB
0.2 dB

0.7 dB
0.5 dB

6.0 dB
5.0 dB




System Design Example 4.8.1

This example examines the design of a satellite communication link using a Ku-band geo-
stationary satellite with bent pipe transponders to distribute digital TV signals from an
earth station to many receiving stations throughout the United States. The design requires
that an overall C/N ratio of 9.5 dB be met in the TV receiver to ensure that the video
signal on the TV screen is held to an acceptable level. The uplink transmitter power and
the receiving antenna gain and diameter are determined for each system. The available
link margins for each of the systems are found and the performance of the systems is an-
alyzed when rain attenuation occurs in the satellite—earth paths. The advantages and
disadvantages of implementing uplink power control are considered.

In this example, the satellite is located at 73° W. However, for international regis-
tration of this satellite location, the location would be denoted as 287° E. The link budg-
ets developed in the examples below use decibel notation throughout. The satellite and
earth stations are specified in Table 4.6, and Figure 4.11 shows an illustration of the satellite
television distribution system.



Ku-Band Uplink Design

We must find the uplink transmitter power required to achieve (C/N),, = 30 dB in
clear air atmospheric conditions. We will first find the noise power in the transponder for
43.2 MHz bandwidth, and then add 30 dB to find the transponder input power level.

Uplink Noise Power Budget

k = Boltzmann’s constant —228.6 dBW/K/Hz
7, = 500 K 27.0 dBK

B = 432 MHz 76.4 dBHz

N = transponder noise power —125.2 dBW

The received power level at the transponder input must be 30 dB greater than the noise power.

P, = power at transponder input = —95.2 dBW

Ku-band satellite

Uplink m =
Earth Ku-band g i

Program material ;
from studios E 2255 27

To cable TV
2 network

Cable TV receive stations

Ku-band
downlinks

FIGURE 4.11 Satellite television distribution system.



The uplink antenna has a diameter of 5 m and an aperture efficiency of 68%.

At 14.15 GHz

the wavelength is 2.120 cm = 0.0212 m. The antenna gain 18
G, = 1010g[0.68 X (wD/A)’] = 55.7 dB
The free space path loss is L, = 10 log [(47R/A)*] = 207.2 dB

Uplink Power Budget

P, = Earth station transmitter power P, dBW
G, = Earth station antenna gain 55.7 dB
G, = Satellite antenna gain 31.0 dB
L, = Free space path loss —207.2 dB
L, = E/S on 2 dB contour —2.0 dB
L, = Other losses —1.0 dB
P, = Received power at transponder P, — 1235 dB

The required power at the transponder input to meet the (C /N),, = 30 dB objective 18

—95.2 dBW. Hence

P, — 123.5dB
P,

—95.2 dBW
28.3 dBW or

675 W

This is a relatively high transmit power so wWe would probably want to increase the

transmitting antenna diameter to increase its
poOwer.

gain, allowing a reduction in transmit



Ku-Band Downlink Design

The first step is to calculate the downlink (C /N)g, that will provide (C/N), = 17 dB when
(C/N)up = 30 dB. From Eq. (4.43)

1/(C/N)y, = 1/(C/N)y — 1/(C/N)up (not in dB)
Thus

1/(C/N)g, = 1/50 — 1/1000 = 0.019

We must find the required receiver input power to give (C/N)4, = 17.2 dB and then find
the receiving antenna gain, G,.

Downlink Noise Power Budget

k = Boltzmann’s constant —228.6 dABW/K/Hz
7. =30+ 110K = 140K 21.5 dBK

B, = 43.2 MHz 76.4 dBHz

N = transponder noise power —130.7 dBW

The power level at the earth station receiver input must be 17.2 dB greater than the
noise power in clear air.

P, = power at earth station receiver input = —130.7 dBW + 17.2dB = —113.5dBW

We need to calculate the path loss at 11.45 GHz. At 14.15 GHz path loss was 207.2
dB. At 11.45 GHz path loss is

L, = 207.2 — 20 logo(14.15/11.45) = 205.4 dB



The transponder 1s operated with 1 dB output backoff, so the output power is 1 dB below
80 W (80 W = 19.0 dBW)

P, = 19dBW — 1dB = 18 dBW

Downlink Power Budget
P, = Satellite transponder output power 18.0 dBW
G, = Satellite antenna gain 31.0dB
G, = Earth station antenna gain G, dB
L, = Free space path loss —205.4 dB
L, = E/S on —3 dB contour of satellite antenna —3.0 dB
L = Other losses —0.8 dB
P, = Received power at earth station G, — 160.2 dB
The required power into the earth station receiver to meet the (C/N),, = 17.2 dB objec-
tive is P, = —120.1 dBW. Hence the receiving antenna must have a gain G, where
G, — 160.2dB = —113.5 dBW
G, = 46.7dB or 46,774 as a ratio

The earth station antenna diameter, D, is calculated from the formula for antenna gain, G,
with a circular aperture

G, = 0.65 X (wD/\)* = 46,774

At 11.45 GHz, the wavelength is 2.62 cm = 0.0262 m. Evaluating the above equation to
find D gives the required receiving antenna diameter as D = 2.14 m.



Example 4.6 Link Budget for C-Band Downlink With Earth Coverage Beam

The satellite used in this example is in GEO and carries 24 C-band transponders, each
with a bandwidth of 36 MHz. The downlink band is 3.7-4.2 GHz and the satellite uses
dual orthogonal circular polarizations to double the number of available channels, thus
providing an effective RF bandwidth of 864 MHz. Figure 4.8 illustrates a GEO satellite
located at 30°W longitude serving the Atlantic Ocean region.

The satellite provides coverage of the visible earth, which subtends an angle of approx-
imately 17° from a satellite in geostationary orbit, by using a global beam antenna.
Antenna beamwidth and gain are linked together by the relationship

G~ \/ 30,000/ (beamwidth in degrees}2

where G is a ratio (not in decibels). The on-axis gain of the global beam antenna is
approximately 20 dB. However, we must make a worst case assumption in the link budget
calculation, which is for an earth station at the edge of the coverage zone of the satellite
where the effective gain of the antenna is 3 dB lower, at 17 dB. The edge of the cover-
age zone does not necessarily have to be at the —3 dB contour of the satellite antenna



GEO satellite
at30° W

AAAY

Global beam
covering visible earth

Figure 4.8 GEO satellite at 30° west longitude with global beam antenna serving the Atlantic Ocean

region. Note that most of the energy transmitted by the satellite falls into the ocean; only a small
fraction reaches populated areas.



footprint. Coverage extends beyond the —3 dB contour into the sidelobes of the satellite
antenna pattern. A larger receiving antenna can be used to compensate for the loss of
signal power when operating outside the —3 dB contour.

The CNR for the downlink is calculated in clear air conditions and also in heavy rain.
The satellite can connect earth stations in North and South America to earth stations
in Europe and Africa using a global beam that covers the visible earth as seen from the
satellite. However, most of the signal radiated by the satellite ends up in the ocean and
only a small part is available for communications between continents. A satellite antenna
with a gain of 20 dB has an effective aperture diameter of 5.6 wavelengths given by

2

(D)
which gives D = 0.42 m at a frequency of 4 GHz. If the satellite antenna’s aperture effi-
ciency is 65%, the physical diameter is 0.52 m. The calculation of CNR is made at a mid-
band frequency of 4 GHz. Appendix B explains the properties of antennas.

The saturated output power of the transponder is 80 W = 19 dBW. Reducing the out-
put power of an amplifier from its maximum value helps to linearize the channel, so
we will assume an output backoff of 2 dB, which means the power transmitted by the
transponder is now 17 dBW.



Hence the on-axis EIRP of the transponder and antenna is
PG, =17 + 20 = 37 dBW

The transmitted signal is a single 30 MHz bandwidth channel carrying a digital signal
in this example.

The maximum path length for a GEO satellite link at the edge of coverage is 40 000 km,
which gives a path loss of 196.5 dB at 4 GHz (A = 0.075 m). We must make an allowance
in the link budget for some losses that will inevitably occur on the link. At C-band, prop-
agation losses are small, but the slant path through the atmosphere will suffer a typical
attenuation of 0.2dB in clear air. We will allow an additional 0.5 dB margin in the link
design to account for miscellaneous losses, such as antenna mispointing, polarization
mismatch, and antenna degradation, to ensure that the link budget is realistic.

Table 4.5a summarizes the parameters of the link and presents a link budget for the
downlink from the satellite to a receiving earth station.



Table 4.5a Example for a C-band GEO satellite downlink budget in clear air

C-band satellite parameters

Transponder saturated output power 80 W
Antenna gain, on axis

Transponder bandwidth

Downlink frequency band

Digital signal noise bandwidth

Minimum permitted overall CNR in receiver

Receiving C-band earth station
Downlink frequency

Antenna gain, on axis, 4 GHz
Receiver IF bandwidth

Receiving system noise temperature

Downlink power budget

Satellite transponder output power, 80 W
Transponder output backoff

Satellite antenna gain, on axis

Earth station antenna gain

Free space path loss at 4 GHz

Edge of beam loss for satellite antenna
Clear sky atmospheric loss

Other losses (margin)

Received power at earth station

Downlink noise power budget in clear air
Boltzmann's constant

System noise temperature, 58 K

Noise bandwidth, 30 MHz

Receiver noise power
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36 MHz
3.7-42GHz
30MHz
14.0dB

4.00 GHz
49.7dB
30MHz
45 K

19.0dBW
-2.0dB
20.0dB

497 dB
—196.5dB
—-3.0dB
—-0.2dB
—-0.5dB
—113.5dBW

—228.6 dBW/K/Hz
17.6dBK
74.8dBHz
—136.2dBW




The system noise temperature is 58 K because the clear air attenuation of 0.2 dB cre-
ates an antenna noise temperature of 13 K, which adds to the LNA noise temperature of
45 K. Hence the CNR in the receiver in clear air is

CNR =P, —N =-113.5dBW — (—136.2 dBW) = 22.7 dB

The receiving earth station has a gain 0f 49.7 dB at 4 GHz, and a receiving system noise
temperature of 58 K in clear sky conditions. The G/T ratio for this earth station is

% =49.7 — 10 log,, 58 = 32.0 dBK™"

The earth station receiver CNR is first calculated for clear sky conditions, with no rain
in the slant path. The CNR is then recalculated taking account of the effects of rain. The
minimum permitted overall CNR for this link is 14.0 dB giving a maximum BER of 10~¢

with quadrature phase shift keying (QPSK) modulation and no FEC. A CNR 0of22.7 dB in
clear air with QPSK modulation gives a BER well below 1016 (Chapter 5 shows how this
calculation is made). At a bit rate of 60 Mbps the theoretical time between bit errors is
longer than 3 x 10® seconds or 9.5 years. The link is said to be essentially error free. Since
clear sky conditions at 4 GHz prevail in most geographical locations for more than 97%
of any given year, the link operates error free for most of the year.



Example 4.7 C-Band Link CNR in Heavy Rain

The results for the receiving terminal CNR in clear air are used as the starting point for
the calculation of CNR with rain in the slant path to the terminal. Table 4.5a shows that
we have a downlink CNR of 22.7 dB in clear air, giving a link margin of 8.7 dB over the
minimum CNR allowed of 14.0 dB. This link margin is available in clear air conditions,
but will be reduced when there is rain in the slant path.

Heavy rain in the slant path can cause up to 1 dB of attenuation at 4 GHz when the
satellite has a low elevation angle and the slant path through the rain is long, which
reduces the received power by 1 dB and increases the noise temperature of the receiving
system. Using the output noise model discussed in the previous section with a medium
temperature of 273 K, and a total path loss for clear air plus rain of 1.2 dB (ratio of 1.32),
the sky noise temperature in rain is

Ty =273 % (1-1/1.32) =66 K

In clear air the sky noise temperature is approximately 13 K, the result of 0.2dB of
clear air attenuation. The system noise temperature with rain in the downlink path is

T, 4 Where

Ty rain = 45 4+ 66 = 111 K

The clear air system noise temperature is 58 K. The increase in system noise temper-
ature results in a corresponding increase in receiver noise power given by AN where

AN =10 log;, (111/58) = 2.8 dB



Note that the CNR in the C-band earth station receiver is affected much more by the
increase in sky noise temperature than by the rain attenuation. In making this calcula-
tion, it is important to remember that clear air attenuation, 0.2 dB, in this case, is always
present and must be added to the rain attenuation to give the total path attenuation
before calculating the system noise temperature in rain. (You still want to be able to
breathe when it rains.)

We can now adjust the link budget very easily to account for heavy rain in the slant
path without having to recalculate the CNR from the beginning. The received carrier
power is reduced by 1 dB because of the rain attenuation and the system noise temper-
ature is increased by 2.8 dB. Table 4.5b shows the new downlink budget in rain.

CNR in the receiver in heavy rain is

CNR=P

r rain ~

N

rain

= —1145dBW — (-132.7 dBW) = 18.2 dB

The CNR in rain has a downlink margin of 4.2 dB over the minimum permissible CNR
of 14.0 dB. The excess CNR margin will translate into lower BER, and can be traded off

against earth station antenna gain to allow the use of smaller (and therefore lower cost)

antenna. We will examine how the 4.2dB of link margin can be traded against other
parameters in the system.

A reduction in earth station antenna gain of 4.2 dB is a reduction in the gain value,
as a ratio, of 2.63. Antenna gain is proportional to diameter squared, so the diameter of
the earth station antenna can be reduced by a factor of \f 2.63 = 1.62, from 9 to 5.6 m to
lower the cost of the earth station.



Example 4.8 4 GHz Downlink With Regional Beam

Global beam antennas are not widely used, although most satellites with international
coverage carry them to serve outlying earth stations that are not within the coverage
of regional beams. The low gain and broad coverage of a global beam results in poor
utilization of transponder power, since most of the transmitted power is lost over the
oceans, as seen in Figure 4.8, and global beams have been referred to derisively as fish
warmers. Regional TV signal distribution is much more common, so the C-band link
in Tables 4.5a and 4.5b is more likely to use a regional antenna, serving a continent or
a group of countries. The United States, for example, can be covered with a 6° by 3°
beam, as illustrated in Figure 4.9. Additional beams may be needed to cover Alaska and
Hawaii, or a more complex antenna with a shaped beam can be used.

The gain of a typical satellite antenna providing coverage of the 48 contiguous states
(CONUS) is 32.2dB on axis (calculated from G = 30000/[8, x 8,]), which is 12.2dB
higher than the on-axis gain of a global beam. Using the link budget in Tables 4.5a and
4.5b, we can trade the extra 12.2dB gain (ratio 16.7) of a regional coverage satellite
antenna for a reduction in earth station antenna dimensions. For the example of a
9.0 m earth station antenna in Example 4.7, we could reduce the antenna diameter by

a factor of \f 16.7 = 4.1 m to a diameter of 2.2 m (approximately 7 ft 3in.). The cost of
antennas increases approximately as the diameter of the antenna to the power 2.7 for
antennas larger than 2 m. (See Appendix B for details.) Reducing the diameter of the
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Figure 4.9 GEO satellite at 100°W longitude with elliptical regional beam antenna serving the
continental United States.



earth station antenna from 9.0 to 2.2 m reduces its cost by a factor of approximately 45,
a very significant cost saving.

Table 4.5b C-band downlink budget in rain

Received power at earth station in clear air P, —113.5dBW
Rain attenuation A 1.0dB
Received power at earth station in rain Poin —114.5dBW
Receiver noise power in clear air N_ —135.5dBW
Increase in noise power due to rain AN i 2.8dB
Receiver noise power in rain N_i. —132.7 dBW

In the 1970s and 1980s, television programming was distributed to cable TV head
ends by C-band regional satellites, and later by Ku-band satellites. The C-band signals
were transmitted as one video channel per 36 MHz transponder using frequency mod-
ulation (FM) and at first were not encrypted. An industry grew up supplying 8 and 10 ft
diameter dishes to home owners, equipped with receivers with a 100 K LNA, allowing
reception of cable TV channels without payment. The threshold for successful demodu-
lation of the FM video signal was 11 dB. Comparing these parameters to the example in
Tables 4.5a and 4.5b shows that a link margin of approximately 2 dB was available with
the C-band home satellite TV system. Eventually the video signals of the popular TV
programs were encrypted and users of the satellite receiving systems were forced to pay
a subscription to receive those cable TV channels.

The above examples show how the link budget can be used to study different combi-
nations of system parameters. Most satellite link analyses do not yield the wanted result
at the first try, and the designer or analyst must use the link budget to adjust system
parameters until an acceptable result is achieved. More examples of link budgets are
included later in this chapter.



4.5.2 Effect of Rain on Direct to Home Satellite TV Ku-Band Downlink

The first step is to determine the total path attenuation, A, in dB, which is the sum of
the clear sky path attenuation due to atmospheric gaseous absorption, A_, and attenua-
tion due to rain, A,

-‘qt-ntal = -‘qca + Arain dB {429}

The sky noise temperature resulting from a path attenuation A, ,,, dB is found from
the output noise model of Section 4.3 using an assumed medium temperature of 270 K
for the rain.

Ty =270 % (1= 107419 K (4.30)

The antenna noise temperature may be assumed to be equal to the sky noise temper-
ature, although in practice not all of the incident noise energy from the sky is output
by the antenna, and a coupling coefficient, #_ of 90-95% is sometimes used when cal-

culating antenna noise temperature in rain. Thus antenna noise temperature may be
calculated as

T_'ak = N 4 T!..k.!.,. K {4‘.31}

Almost all satellite receivers use a high gain LNA as the first element in the receiver
front end. This makes the contribution of all later parts of the receiver to the system

noise temperature negligible. System noise temperature is then given by T,

< rain, Where

Ts rain — TLN.."L + Tﬂ raimn K {432}



In Eq. (4.32), the LNA is assumed to be placed right at the feed horn so that there is
no waveguide or coaxial cable run between the feed horn of the antenna and the LNA.
We will assume that there are no feed losses. The increase in noise power, AN, dB,
caused by the increase in sky noise temperature is given by

kT!i ra'mBn —101 Tii rain dB 4 33}
kTscaEn B 810 T:ica ( .

ﬁNrain =10 lﬂ'glﬂ ’

where T, is the system noise temperature in clear sky conditions.
The received power is reduced by the attenuation caused by the rain in the slant path,

so in rain the value of carrier power is reduced from C_, to C,;, where

Crsu'n = Cr_'a - A dB (4.34)

The resulting (CNR) 4, ;4i, Value when rain intersects the downlink is given by

(CNR)y, i = (CNR)y, o — Ay, — AN, dB (4.35)

rain rain

where (CNR),,, ., is the downlink CNR in clear sky conditions.

If a linear (bent pipe) transponder is used, the (CNR),, must be combined with
(CNR)yy, rain to yield the overall (CNR), ratio for the link. However, the transmitting
earth stations for DBS-TV service use large antennas and high power transmitters with

uplink power control (UPC) to ensure that the uplink CNR is always at least 20 dB
higher than the downlink CNR. The contribution of satellite noise to overall CNR can
be ignored when this is the case. Some digital systems use regenerative transponders
that provide constant output power regardless of uplink attenuation provided that the
received CNR at the satellite is above the threshold of the onboard processing demod-
ulator. In this case the value of (CNR) will be used as the overall (CNR),, value in
rain for the link.

dn rain



Example 4.9 Calculation of Rain Attenuation Margin

In the example of a DBS-TV system in Table 4.6a, a link margin of 5.7 dB is available
before the (CNR), threshold of 8.3 dB is reached. This example shows how the link mar-
gin can be distributed between rain attenuation and an increase in receiver system noise
power caused by an increase in sky noise. It is very difficult to write a set of equations
that solve this problem, because the combination of linear and decibel arithmetic leads
to a transcendental equation. Instead, an iterative calculation is used to find the exact
rain attenuation, which causes the receiver CNR to equal the threshold value. We will
begin by calculating the increase in system noise temperature that results from an esti-
mated 3 dB rain attenuation in the downlink path to determine the increase in noise
power and thus the value of (CNR) 4, in-

The clear sky attenuation is given in Table 4.6a as 0.4 dB. This must be added to the
rain attenuation — the atmosphere does not go away when it rains! Thus total path atten-
uation is 3.4 dB, and the sky noise temperature in rain will be, from Eq. (4.30)

Ty rain = 270X (1 = 10734/19) = 147 K

We will assume 100% coupling between the sky noise temperature and the antenna
temperature in this example. In clear sky conditions the sky noise temperature is

T.,=270%(1-10""" =24 K

The sky temperature has increased from 24 K in clear sky conditions to 147 K when
3dB rain attenuation occurs in the downlink. We must calculate the new system
noise temperature when rain is present in the slant path. The LNA of the system in
Table 4.6a has a noise temperature of 86 K and the clear sky system noise temperature
is Ty ca = 110 K. With 3 dB of rain attenuation in the downlink, the system noise tem-
perature, given by Eq. (4.32), increases to

T

% rain



The increase in receiver noise power referred to the receiver input is given by Eq. (4.33)
AN, = 10log,,(233/110) = 3.3 dB

From Eq. (4.35)
(CNR)4, rain = 14.0-3.0-33=78dB

The receiver CNR is below the threshold value of 8.3dB by 0.5dB, indicating that
the maximum downlink rain attenuation is less than the estimated 3.0 dB. The previous
procedure needs to be repeated with a revised estimate of the rain attenuation until the
closest value of rain attenuation that gives 8.3 dB for (CNR),, i, is found; that value
is 2.7dB in this case. In the southeastern United States, in states such as Florida and

Louisiana where very heavy rain occurs more often than in other parts of the United
States, link availability may be slightly less than 99.7%. Shaping of the satellite beam to
direct more power to these parts of the United States helps to reduce the number of
outages experienced in that region.

Receivers located within the —1 dB contour of the satellite antenna beam have shorter
path lengths giving 2.3 dB higher CNR than the receiver used in the example shown in
Tables 4.6a and 4.6b, so they have a clear air downlink CNR of 16.3dB and a down-
link margin of 8.0 dB. The calculation of the availability of these receivers requires some
care, because we cannot just add the extra 2.3dB of link margin to the rain attenua-
tion. Antenna noise increases with every decibel of extra rain attenuation, reducing the
received power level, C, and increasing the system noise power N. The iterative proce-

dure must be used again to find the combination of reduction in C and increase in N
that leads to an additional 2.3 dB degradation in the overall CNR value.



We will guess that increasing the rain attenuation from 3 to 4.1 dB gives the required
result. With 4.1 dB rain attenuation, the path attenuation is 4.5 dB and system noise tem-
perature is

T,

& Caln

= 86 + 270(1 — 0.355) = 260 K

The increase in noise power from the clear sky condition is

260
AN =101lo (—)zl’?dﬂ
Bio 110

Hence the decrease in (CNR)4,, i, for 4.1 dB of rain attenuation is 4.1 + 3.7 = 7.8 dB,
and

CNRy, i, = 16.3 —7.8=8.5dB

so we are above the 8.3dB threshold by 0.2dB. Another trial is needed to determine
the exact downlink attenuation that reduces the signal to the threshold level. A rain
attenuation margin of 4.1 dB at Ku-band would give an availability of 99.85% or better
over the central region of the United States. This example demonstrates that the increase
in noise temperature of a low noise DBS-TV Ku-band receiving system is a significant
factor when rain attenuation is present in the downlink path. Rain attenuation alone
cannot be equated to link margin.

It is worth noting that rain causes significant attenuation on Ku-band downlinks for
less than 2% of an average year over most of the United States. For 98% of the year
these links are operating in near clear sky conditions with downlink CNR values in the
14-17 dB range. With half rate FEC applied to the data stream, the bit error rate will
be below 1071¢, and the error rate for a live MPEG-2 compressed video stream will be
effectively zero. Thus the video transmission is essentially error free for all but a few
tens of hours each year.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41: Link Budget
	Slide 42: Link Power Budget
	Slide 43
	Slide 44: Radio Propagation: Atmospheric Attenuation
	Slide 45: Signal Polarisation: Cross-Polarisation Discrimination
	Slide 46: Atmospheric attenuation
	Slide 47
	Slide 48: Translating to dBs
	Slide 49
	Slide 50: Simple Link Power Budget
	Slide 51: Why calculate Link Budgets?
	Slide 52: Closing the Link
	Slide 53: System Figure of Merit
	Slide 54: System Noise Power
	Slide 55
	Slide 56: System Noise Power - 1
	Slide 57: System Noise Power - 2
	Slide 58: Noise Spectral Density
	Slide 59: System Noise Temperature
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70: Reducing Noise Power
	Slide 71: Reducing Noise Power  Low Noise Amplifier
	Slide 72: Reducing Noise Power  Discussion on Tin
	Slide 73: Antenna Noise Temperature 
	Slide 74: Noise from Active Devices
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79: Noise from Lossy Elements -1
	Slide 80: Noise from Lossy Elements –2
	Slide 81: Noise from Lossy Elements –2
	Slide 82: Numerical Examples
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Slide 132
	Slide 133
	Slide 134
	Slide 135
	Slide 136
	Slide 137
	Slide 138
	Slide 139
	Slide 140
	Slide 141
	Slide 142
	Slide 143
	Slide 144
	Slide 145
	Slide 146
	Slide 147
	Slide 148
	Slide 149
	Slide 150
	Slide 151
	Slide 152
	Slide 153
	Slide 154
	Slide 155
	Slide 156
	Slide 157
	Slide 158
	Slide 159
	Slide 160
	Slide 161
	Slide 162
	Slide 163
	Slide 164
	Slide 165
	Slide 166

