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PERFORMANCE ANALYSISPERFORMANCE ANALYSIS1

A1. RFRF LINK ANALYSIS LINK ANALYSIS

The typical performance measure for an RF link is the average bit error rate (BER).  The satellite subnetwork
end-to-end performance is related to the RF link performance by a required average BER.  The relationship
between a channel BER and the achieved carrier-to-noise density performance depends upon the modulation
technique and the channel conditions.  For the case of ideal linear modulation techniques and an additive white
Gaussian noise channel, this relationship can be derived analytically.  For the case of a random fading channel
this relationship can be derived through simulation, or using a worst case assumption that all multipath energy
is equivalent to noise. 

The digital RF communications link can be assured of satisfactory average BER performance if the achieved
carrier-to-noise power density ratio is greater than or equal to the carrier-to-noise power density ratio
required for communication at the desired average BER:

[A.1]

where:

! is the minimum required carrier-to-noise density ratio for communication at the
desired average BER.

! is the carrier-to-noise density ratio achieved by the end-to-end link.

The required carrier-to-noise density ratio is determined by the particular signalling waveform used and by the
noise and propagation characteristics of the channel.  Statistical methods can be used to determine the
minimum required carrier-to-noise ratio needed to assure operation at an average BER.2,3,4  Statistical
methods can also be used to include the effects of propagation environment and other random losses in the
form of a required margin.5,6,7,8,9

Hence, for operation at a desired average BER the following relationship must hold:

[A.2]

where:

MMPP  - is the link margin required for the propagation environment and various random RF
parameter variations.
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The carrier-to-noise performance measures must be allocated to various portions of the RF link, which are
discussed in the following.

A1.1 To-aircraft link analysisTo-aircraft link analysis

The achieved carrier-to-noise density ratio on the forward link is determined by a number of noise sources in
the RF link.  With simple, frequency translating transponders, the achieved signal (carrier)-to-noise power
ratio can be computed from the expression:

[A.3]

where:

NNUFUF ! is the thermal noise power density of the uplink feeder link.

NNDD ! is the thermal noise power density of the L-band downlink.

IIMM ! is the intermodulation power density on the L-band down link due to the satellite
transponder.

IIISIS ! is the intrasystem interference power density.

IIODOD ! is the downlink L-band intersystem interference power density at the receiver.

IIOUFOUF ! is the intersystem interference power density on the feeder link uplink.

An important assumption is inherent in equation [A.3].  It is assumed that in an individual channel bandwidth
all the noise sources can be considered to be “white Gaussian” in nature.

A1.2 From-aircraft link analysisFrom-aircraft link analysis

In the same manner as the forward link, the achieved carrier-to-noise density ratio is determined by a number
of noise sources in the return link.  The achieved carrier-to-noise power density ratio can be obtained from the
expression:

[A.4]

where:

NNDFDF ! is the thermal noise power density of the downlink feeder link.

NNUU ! is the thermal noise power density of the L-band up link.
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IIMM AES  AES ! is the minimum operable intermodulation power density expected on the L-band up link
from to the multi-carrier operation of the AES high power amplifiers.

IIISRISR ! is the intrasystem interference power density.

IIOUOU ! is the intersystem interference power density at L-band expected on the uplink.  

IIODFODF ! is the intersystem interference power density on the feeder link downlink.

A1.3 Propagation anomalies and required marginsPropagation anomalies and required margins

An idealized RF link can be adversely affected by a number of factors which can be divided into two basic
classes: deterministic and nondeterministic.  Deterministic factors influencing RF link margin requirements
depend on the propagation path established by the relative locations of the aircraft, satellite and earth in a
particular situation.  Other deterministic factors are fixed by the system design, such as, information bit rates,
modulation type, interleaver depths, coding schemes, etc.

The nondeterministic factors that influence the RF link requirements are system design and operational
elements specified by the service provider, degradation due to interference and other propagation related
random losses. 

Many factors that influence the RF link requirements may be viewed as losses that reduce the available carrier
power and degrade link performance.  Detailed discussions of several of these factors are included in the
following sections.

A1.3.1 Multipath fadingMultipath fading

The term multipath refers to a condition in which energy reaches the receiver of a telecommunications system
by more than one path.  Multipath propagation may result from reflection from land and water surfaces and
man-made structures.  Multipath operation is generally undesirable, because signals arriving over the different
paths arrive with variable relative phase, with the result that they alternatively add constructively or
destructively in space.  Hence, the total received signal will be characterized by fading, involving repeated
minima which may fall below the signal level required for acceptable communications performance.  Fading is
also significantly higher over water as opposed to land.  Furthermore, the signals arriving over the different
paths also have different time delays, and in digital systems intersymbol interference can result.  

A number of investigators have researched the effects of multipath fading on aeronautical satellite
communications.10,11  The statistical nature of multipath fading for aeronautical channels is therefore well
understood.  The amplitude of fading is known to have a Rician distribution.  Furthermore, the carrier-to-
multipath ratio is known to be a function of the elevation angle to the satellite, and can be expected to be less
than 10 dB for elevation angles below 10 degrees.

The carrier-to-noise ratio for a channel is affected by multipath and the particular form of modulation and
coding.  It is appropriate to include the effects of multipath in setting the carrier-to-noise requirement rather
than including it in a separate margin; a conservative approach is treat the multipath energy as equivalent to
additive Gaussian noise, and then, in a coded system, to add additional margin for imperfect interleaving.
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A1.3.2 ScintillationScintillation

Ionospheric scintillation is a phenomenon involving the effects of the sun and the earth's magnetic field that
produces random variations in electromagnetic waves traversing the ionosphere.12,13,14  The phenomenon is
manifested in satellite-earth station RF links as “scintillation fading”; positive and negative (loss) changes in
the amplitude of the received signal that can be significant at the L-band frequencies used for the satellite-to-
AES link.  Values as high as 27 dB have been observed for short periods of time during severe scintillation
events; however, the expected value is substantially lower.  Phase shifting is also associated with scintillation
fading, the effects of which can further degrade RF link performance.

As satellite RF link power margins are normally small for economic reasons, a loss value due to scintillation
fading as low as 0.3 dB could be significant.  Scintillation loss is highly correlated with the position and local
time of the aircraft, thus is of major concern to certain routes and times of flight.  Scintillation events also
exhibit a seasonal influence, peaking during the vernal and autumnal equinoxes.  Significant scintillation loss
can be expected for aircraft located near the geomagnetic equator (between 15 degrees latitude North and
South) at aircraft local time between 2130 and 0230 hours, and for aircraft located in polar regions (latitudes
greater than ±65 degrees although coverage by geosynchronous satellites is effectively limited of latitudes to
80 degrees or less) at any time of day.  Available data indicate that scintillation fading is about twice as
intense in the equatorial region as compared with the polar regions.  For a stationary earth station, about 1
per cent of equatorial region fades exceed 20 dB, and stay above 15 dB for several seconds.  Eastward
motions of the ionosphere at rates of 50-200 metres/second are typically seen, implying correlation distances
of 10 to 100 metres.  It would be possible for an east-bound aircraft's velocity to become “synchronized”,
resulting in substantially longer fading periods.

Fading in the polar regions is less intense, (about 10 dB for a stationary earth station) as compared with the
equatorial region.  Also, the velocity of the polar ionosphere is typically higher and more variable, in the range
of 100 to 1000 metres/second.

Data regarding the scintillation effects on earth stations in motion ! in particular, on the signal-in-space used
by AMSS ! is currently limited. Further, the probability of an aircraft experiencing significant effects of
scintillation is highly sensitive to its route and timing of its flight.  Consequently, the effects of scintillation
fading have not been accounted for herein.

A1.3.3 Polarization lossPolarization loss

The transmission loss between two antennas due to imperfect circular polarization can be calculated by:

[A.5]

where it is assumed that the antennas have the same sense (e.g. right hand circular) and where:

RRii ! is the voltage axial ratio (AR) of the ith antenna.



A-5

L ù 4Br
8

2

r ù R 2
% R%h 2

& 2R R%h cos $

2 ! is the angle between the major axes of the two elliptically polarized waves that
would be radiated, one from each antenna.

The polarization loss is determined completely by the axial ratios and relative orientation of their major axes.
The worst case situation is when the major axes are orthogonal, i.e., 2=90E.  Various forms of equation
[A.5] are possible, depending upon the assumptions about the reference antenna.  For link budget
calculations, one typically might consider the worst case satellite antenna orientation, and a statistical estimate
of the effects of AES antenna orientation.

A1.3.4 Path lossPath loss

The path loss due to space is a function only of the frequency and range.  The path loss is easily calculated by:

[A.6]

where:
rr ! is the range from the AES to the satellite in metres.

8 ! is the wavelength in meters.

In general, the range to the satellite, r, is a function of the geographical position of the AES.  Conveniently,
the range to the satellite is simply a function of the observed elevation to the satellite and is given by:

[A.7]

where:
RR  ! is the Earth's mean radius – 6378 km

hh ! is the geosynchronous altitude = 35 786 km (from earth surface at the
subsatellite point).

 $$ = cos&1 Rcos 2
R%h

& 2
[A.8]

where:
22 ! is the elevation angle of the satellite relative to level flight.

With the satellite directly overhead, the path loss at 1 545 MHz is 187.3 dB.  At 5E elevation, the path loss
is 188.5 dB.  Therefore, the path loss for aircraft operating with a 5E elevation angle to the satellite is 1.2 dB
greater than an aircraft with the satellite directly overhead.  In practice, the path loss is calculated for a
specific elevation angle to the satellite.
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A1.3.5 Precipitation lossPrecipitation loss

Raindrops cause attenuation to radio waves by both absorption and scatter.  The magnitude of attenuation is
a function of frequency, average droplet size, aircraft latitude, elevation angle and rainfall rate.  The
relationships among these factors are well established through years of research and experimental
measurement, making it possible to predict performance with good confidence.

In general, attenuation due to rainfall is not significant at the L-band frequencies used for the AMSS service
links.  However, the feeder links for the AMSS services will be at much higher frequencies where the rain
attenuation could be very significant.  Feeder link design must take into account the expected rainfall for the
location of the ground earth station, particularly as regards link availability.  

The effect of rain attenuation on the feeder link in the forward direction can be compensated for by GES
power control.  The GES power is increased such that the signal maintains the required level when received
at the satellite.  One consequence of this increase in power can be to increase the intermodulation products
originating at the GES.  The link must be designed so that this additional interference will not degrade the
over-all achieved carrier-to-noise performance below the required level.

In the return direction, rain attenuation will lower the carrier power to thermal noise ratio for the feeder link.
Again, this additional interference must not degrade the over-all achieved carrier-to-noise performance below
the required level.

There is no specific allotment in the required margin to account for the effects of rain fading.  It is the
responsibility of the satellite system designer to ensure that the satellite and GES design is such that the
over-all link carrier-to-noise ratio can be maintained under the expected rain conditions in the stated coverage
areas.

! ! ! ! ! ! ! !
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