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electromagnetic energy in a desired direction. The larger the antenna
aperture (area), the larger is the resulting signal power density in the desired
direction. An antenna’s efficiency is described by the ratio of its effective
aperture to its physical aperture. Mechanisms contributing to a reduction in
efficiency (/oss in signal strength) are known as amplitude tapering, aperture
blockage, scattering, re-radiation, spillover, edge diffraction, and dissipative
loss [3]. Typical efficiencies due to the combined effects of these mechanisms
range between 50 and 80%.

Radome loss and noise. A radome is a protective cover, used with some
antennas, for shielding against weather effects. The radome, being in the
path of the signal, will scatter and absorb some of the signal energy,-thus
resulting in a signal /oss. A basic law of physics holds that a body capable of
absorbing energy also radiates energy (at temperatures above 0 K). Some of
this energy falls in the bandwidth of the receiver and constitutes injected
noise.

Pointing loss. There is a loss of signal when either the transmitting antenna or
the receiving antenna is imperfectly pointed.

Polarization loss. The polarization of an electromagnetic (EM) field is
defined as the direction in space along which the field lines point, and the
polarization of an antenna is described by the polarization of its radiated
field. There is a loss of signal due to any polarization mismatch between the
transmitting and receiving antennas.

Atmospheric loss and noise. The atmosphere is responsible for signal loss and
is also a contributor of unwanted noise. The bulk of the atmosphere extends
to an altitude of approximately 20 km; yet within that relatively short path,
important loss and noise mechanisms are at work. Figure 5.2 is a plot of the
theoretical one-way attenuation from a specified height to the top of the at-
mosphere. The calculations were made for several heights (0 km is sea level)
and for a water vapor content of 7.5 g/m” at the earth’s surface. The magni-
tude of signal /oss due to oxygen (O,) and water vapor absorption is plotted
as a function of carrier frequency. Local maxima of attenuation occur in the
vicinities of 22 GHz (water vapor), and 60 and 120 GHz (0,). The atmos-
phere also contributes noise energy into the link. As in the case of the
radome, molecules that absorb energy also radiate energy. The oxygen and
water vapor molecules radiate noise throughout the RF spectrum. The por-
tion of this noise that falls within the bandwidth of a given communication
system will degrade its SNR. A primary atmospheric cause of signal loss and
contributor of noise is rainfall. The more intense the rainfall, the more signal
energy it will absorb. Also, on a day when rain passes through the antenna
beam, there is a larger amount of atmospheric noise radiated into the system
receiver than there is on a clear day. More will be said about atmospheric
noise in later sections.

Space loss. There is a decrease in the electric field strength, and thus in signal
strength (power density or flux density), as a function of distance. For a
satellite communications link, the space loss is the largest single loss in the
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that are not necessarily thermal in origin (e.g., galactic, atmospheric, mterfering
signals) that can be introduced into the receiving antenna. The effective noise
temperature of such a noise source is defined as the temperature of a hypothetical
thermal noise source that would give rise to an equivalent amount of interfering
power. The subject of noise temperature is treated in greater detail in Section 5.5.

Example 5.3 Maximum Available Noise Power

Using a noise generator with mean-square voltage equal to 4k T°W®R, demonstrate
that the maximum amount of noise power that can be coupled from this source into an
amplifier is N, =k T°W.

Solution

A theorem from network theory states that maximum power is delivered to a load
when the value of the load impedance is made equal to the complex conjugate of the
generator impedance [7]. In this case the generator impedance is a pure resistance, :
therefore, the condition for maximum power transfer is fulfilled when the input resis-
tance of the amplifier equals 2. Figure 5.8 illustrates such a network. The input ther-
mal noise source is represented by an electrically equivalent model consisting of a
noiseless source resistor in series with an ideal voltage generator whose rms noise volt-
age 1s V4x T°W%. The input resistance of the amplifier is made equal to 2. The noise
voltage delivered to the amplifier input is just one-half the generator voltage. follow-
ing basic circuit principles. The noise power delivered to the amplifier input can ac-
cordingly be expressed as

(VAT WR/2)* 4T W

*' R 4
= kT"W
A
™~
‘R g | ™
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| QR N‘x\h
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Figure 5.8 Electrical model of max- L
imum available thermal noise power !

at amplifier input.

5.4 LINK BUDGET ANALYSIS

In evaluating system performance, the quantity of greatest interest is the signal-to-
noise ratio (SNR) or E,/N,, since a major concern is the ability to detect signals in
the presence of noise with an acceptable error probability. Since in the case of
satellite communication systems, the most usual signal structure is a modulated car-
rier with constant envelope, we can use average carrier power-to-noise power (C/N)
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TABLE 5.2 Earth Terminal to Satellite Link Budget Example: Frequency = 8 GHz, Range = 21,915
Nautical Miles.

1. Transmitter power (dBW) (100.00W) 20.0 P,
2. Transmitter circuit loss (dB) (2.0} L,
3. Tramsmitter antenna gain (peak dBi) 51.6 G,
Dish diameter (ft) 20.00 .
Half-power beamwidth (degrees) 0.45
4. Terminal EIRP (dBW) 69.6 EIRP
5. Path loss (dB) (107 elev.) (202.7} L,
6. Fade allowance (dB) (4.0% L,
7. Other losses (dB) (6.0) L,
8 Received isotropic power (dBW) -143.1
9. Receiver antenna gain (peak dBi) 35.1 G,
Dish diameter (ft) 3.00
Half-power beamwidth (degrees) 2.99
10. Edge-of-coverage loss (dB) (2.0} L,
11. Received signal power (dBW) -110.0 P,
Receiver noise figure at antenna port (dB) 11.5
Receiver temperature (dB-K) 358 (3806 K)
Receiver antenna temperature (dB-K) 248 (300 K)
12.  System temperature (dB-K) 36.1 (4106 K)
13.  System G/T° (dB/K) -1.0 G/
14. Boltzmann’s constant (dBW/K-Hz) =228.60
15. Noise spectral density (dBW/Hz) {-192.5) Ny=kT
16. Received P, /N, (dB-Hz) 82.5 (P,/Ny),
17. Data rate (dB-bit/s) (2 Mbits/s) (63.0) R
18. Received E/N, (dB) 19.5 (EyINg),
19. Implementation loss (dB) (1.5) L,
20. Required E,/N,, (dB) (10.0% (Ep/No)requ
2. Margin (dB) (80 M
Receiver
L, Lo G/T®
. _L/ EIRP
Figure 5.23 Key parameters of a Transmitter
link analysis.
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TABLE 5.3 Link Budget Example For a Nonregenerative Satellite Repeater with 10 Users: Uplink
Freguency = 375 MHz, Downlink Frequency = 275 MHz, Range = 22,000 Nautical Miles

Uplink Downlink
Transmitter power (ABW) 27.0 (500.0 W) 13.0 (20.0 W)
Transmitler circuit losses (dB) 1.0 1.0
Transmilter antenna gain (peak-dBi) 19.0 19.8
Dish diameter (ft) 10.00 15.00
Half-power beamwidth (degrees) 19.16 17.42
EIRP (dBW) 45.0 318 (15147 W)
Path loss (dB) 176.1 173.4
Transmitted signal power (dBW) 217 (1485w)| B
Transmitted other signal power (dBW) 313 (1336.1 W)
Transmitted U/L noise power (dBW) 14.8 (30.1 W)
Other losses (dB) 2.0 2.0
Received isotropic signal power (dBW) —133.1 -153.7
Received isotropic U/L noise power (dBW) ~-160.6
Receiver antenna gain (peak dBi) 22.5 16.3
Dish diameter (ft) 15.00 10.00
Half-power beamwidth (degrees) 12.77 26.13
Received signal power (dBW) -110.6 -1374
Received U/L noise power (dBW) —144.3
Receiver antenna temperature (dB-K) 246 (290 K) 20,0 (100 K)
Recerver noise figure at antenna port (dB) 10.8 2.0
Receiver temperature (dB-K) 35.1 (3197 K) 223 (170 K)
System temperature (dB-K) 354 (3487 K) 243 (2ZT0K)
System G/T° (dB/K) -12.9 —8.0
Boltzmann’s constant (dBW/K-Hz) —228.6 —228.6
Noise spectral density (dBW/Hz) -193.2 -204.3
System bandwidth (dB-Hz) 75.6  (36.0 MHz) 75.6  (36.0 MHz)
Noise power (dBW) -117.6 -128.7
U/L noise + D/L noise power (dBW) -128.6
Simultaneous accesses 10
Received other signal power (dBW) -101.1
Other signals + noise (dBW) -101.0
P./(Pp+ N,W) (dB) -10.1  (0.098) A
P./N (dB) 7.0 8.7
Overall P,/N (dB) —8.8
P.IN, (dB-Hz) 82.6 66.9
Overall P,/N, (dB-Hz) 66.8
Data rate (dB-bil/s) 50.0 (100,000 bits/s)
Available £, /N, (dB) 16.8

Required E, /N, (dB)

Margin (dB)

10.0
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5.7 Satellite Repeaters
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5.7.2 Nonlinear Repeater Amplifiers

Power is severely limited in most satellite communication systems, and the meffi-
ciencies associated with linear power amplification stages are expensive to bear.
For this reason, many satellite repeaters employ nonlinear power amplifiers. Effi-
cient power amplification is obtained at the cost of signal distortion due to nonlin-
ear operation. The major undesirable effects of the repeater nonlinearities are:

1. Intermodulation (IM) noise due to the interaction of different carriers. The
harm is twofold; useful power can be lost from the channel as IM energy
(typically 1 to 2 dB), and spurious IM products can be introduced into the
channel as interference. The latter problem can be quite serious.

2. AM-to-AM conversion is a phenomenon common to nonlinear devices such
as traveling wave tubes (TWT). At the device input, any signal-envelope fluc-
tuations (amplitude modulation) undergo a nonlinear transformation and
thus result in amplitude distortion at the device output. Hence, a TW'T oper-
ating in its nonlinear region would not be the optimum power-amplifier
choice for an amplitude-based modulation scheme (such as QAM).

3. AM-to-PM conversion is another phenomenon common to nonlinear devices.
Fluctuations in the signal envelope produce phase variations that can affect
the error performance for any phase-based modulation scheme (such as PSK
or DPSK).

4. Tn hard limiters, weak signals can be suppressed, relative to stronger signals,
by as much as 6 dB [2]. In saturated TWTs, the suppression of weak signals is
due not only to limiting, but also to the fact that the signal coupling mecha-
nism of the tube is optimized in favor of the stronger signals. The effect can
cause weak signals to be suppressed by as much as 18 dB [17].

Conventional nonregenerative repeaters are generally operated backed-off
from their highly nonlincar saturated region; this is done to avoid appreciable IM
noise and thus to allow efficient utilization of the system’s entire bandwidth. How-
ever, backing off to the linear region is a compromise; some level of IM noise must
be accepted to achi¢ve a useful level of output power.

5.8 SYSTEM TRADE-OFFS

The link budget example in Table 5.3 is a resource allocation document. With such
a link tabulation, one can examine potential system trade-offs and attempt to opti-
mize system performance. The link budget is a natural starting point for consider-
ing all sorts of potential trade-offs: margin versus noise figure, antenna SiZEe VErsus
transmitter power, and so on. Table 5.4 represents an example of a computer exer-
cise for examining a pO‘?‘?lb]E trade-off between the earth station transmitting
power and the system noise margin at the receiving terminal. The first row in the
table is taken from the Table 5.3 link budget. Suppose a system engineer is con-
cerned that a 500-W transmitter is not practical because of some physical con-
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TABLE 5.4 Potential Trade-Off: P, versus Margin

(PINy), (£ /Ny )y (P ING) o Margin

P (W) (dB-Hz) (dB-Hz) (dB-Hz) (dB)
S500.0 82.6 66.9 66.8 6.8
250.0 79.6 66.8 66.6 6.6
125.0 76.6 66.6 66.2 6.2
62.5 73.6 66.3 63.5 3.5
31.3 70.5 63.7 6H4.5 4.5
15.6 67.5 64.8 62.9 2.9
7.8 6H4.5 Hh33 B8 (.8
3.9 6H1.5 6l.4 aR.4 -1.6
2.0 58.4 59.0 557 —4.3
1.0 55.4 56.4 529 -7.2
0.5 524 53.6 49.9 ~10.1

straints within the transmitting earth terminal or that such a transmitter makes the
system “uplink rich” (a poor design point). The engineer might then consider a
trade-off of transmitter power versus thermal noise margin. The listing of candi-
date trade-offs is a trivial task for a computer. Table 5.4 was generated by repeating
the link budget computation multiple times, and at each iteration, reducing P, by
one-half.

The result is a selection of transmitters (in steps of 3 dB) and uplink, down-
link, and overall SNRs, and margin, associated with each transmitter value. The
system engineer need only peruse the list to find a likely candidate. For example, if
the engineer were satisfied with a margin of 3 to 4 dB, it appears he could reduce
the transmitter from 500 W to 20 or 30 W. Or, he might be willing to provide a
transmitter with, say, P, = 100 W, since he may want to consider additional trade-
offs (perhaps because of having misgivings about one of the other subsystems, say
the antenna size). The engineer would then start a new tabulation with P, = 100 W,
and again perform a succession of link budget computations, to produce a similar
enumeration of other possible trade-offs.

Notice from Table 5.4 that one can recognize the uplink-limited and downlink-
limited regions, discussed earlier. In the first few rows, where the uplink SNR is high,
a 3-dB degradation in uplink SNR results in only a few tenths of a decibel degrada-
tion to the overall SNR. Here the system is downlink limited; that is, the system is con-
strained primarily by its downlink parameters and is hardly affected by the uplink
parameters. In the bottom few rows of the table, we see that a 3-dB degradation to the
uplink affects the overall SNR by almost 3 dB. Here the system is uplink limited; that
is, the system is constrained primarily by the uplink parameters.

5.9 CONCLUSION

Of the many analyses that support a developing communication system, the link
budget stands out in its ability to provide overall system insight. By examining the
link budget, one can learn many things about the overall system design and perfor-
mance. For example, from the link margin, one learns whether the system will meet
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