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( ABSTRACT)

Fade and inter-fade duration data obtained from the three beacons at 12, 20, and
30 GHz aboard the OLYMPUS satellite were analyzed.

The different types of signal impairments and their causes were highlighted and a
literature survey conducted. Twelve months of fade and inter-fade data were analyzed and
the results of these statistics are presented in the form of tables and figures. The analysis
was done on both the monthly and annual data. These tables and figures show that at the
higher fade levels, the number of fade events and the fade time is smaller than at the lower
thresholds. For the same fade level the number of fade events and the fade time goes down
as the fade duration which it exceeds is increased. Inter-fade durations also showed similar
results.

The fades exhibited seasonal dependencies. The number of fades (and consequently
the fade time) were much higher for the months of May through August and for the
months of March and December. The other months showed very little fade activity.

A model was also constructed that can predict the fade time as a function of
frequency, attenuation level, and fade duration interval. The predicted fade times agree
well with the measured fade duration data. An alternate simplified version of the model 1s

also presented.
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1. INTRODUCTION

Attenuation due to rain at frequencies above 10 GHz introduces a random
parameter into the design of satellite communication systems. Any uncertainty in system
specifications translates into cost, either as lost revenue due to unavailability of the system
or added expenses incurred on overdesigning the system. Much effort has been devoted
during the last two decades to learn more about the atmospheric effects on the
propagation of Ku- and Ka-band frequencies [1]. Knowledge of the statistical behavior of
fading along the satellite-earth path is necessary before an efficient and cost effective
system can be designed [2]. In particular, the dependence of propagation parameters on
spatial and frequency variations, is crucial for the optimum design of satellite links. With
the increased use of satellite communication systems, the reliability and availability of the

satellite channel become very crucial.

1.1 Fading And Its Implications On Satellite Communications

One of the key factors that must be taken into account when designing satellite
communication systems operating above 10 GHz is the fade margin. The importance of
fade margin lies in that it gives quantitative information on the fade levels which the
system should be capable of handling. The associated time interval during which the

attenuation exceeds a specified fade margin is considered an outage. The number and



duration of these outages are of interest, especially for very high-capacity systems [3,4].
Fades occurring for 0.01 percent of the time account for an unavailability of the
communication system for almost 53 minutes in one year. The use of very small aperture
terminal (VSAT) systems with low power margins further limits the performance of the
system which usually must tolerate outage times well in excess of 0.01% of the year.

Fade duration statistics can be used to predict the expected duration for which the
signal will go below a desired level and remain there. Cumulative distributions of fades
give the accumulated time that a given level of attenuation is exceeded but do not indicate
the duration of individual fades. For single-site receiving systems, fade duration statistics
indicate the number of communication link outages of a given duration for systems
designed to operate up to a prescribed attenuation level [5]. Some data communications
systems applications are able to retransmit messages if a fade prevents a successful
transmission. For this reason it is important to know the duration of fades and to know
how much time passes before the next fade of at least equal value will likely occur [1].

As frequencies above 10 GHz find increasing use in satellite communication
systems, various techniques are employed for reducing the often severe effects of
precipitation at these frequencies. A major effect of precipitation is attenuation of the
signal due to absorption and scattering. A proposed method to mitigate the effect is to
vary the transmitted power in order to maintain a fairly constant received signal at the
receiving end of the link. The change in transmitted power must occur quickly enough to
maintain an acceptable signal to noise ratio for any fade which is likely to occur along the
propagation path. In order to design a system with sufficiently fast response time, a
knowledge of the rate of fading (fade rate) is required. In order to design the satellite
power supply with sufficient capacity, a knowledge of the expected duration of fades is

also required [6]. Fade duration characteristics become very important for systems



employing down-link, (as well as for uplink power control) power control. This particular
technique eliminates large d.c. power requirements on the satellite by sizing the satellite
transmitters for clear air operation and increasing the transmitted power only during rain
fades that exceed a preset threshold attenuation. For the time interval the fade is in excess
of the threshold, batteries supply the excess power required. The ability of the batteries to
supply the required demand depends strongly on fade duration [4].

An examination of fade results from previous experiments shows that elevation
angle strongly influences the number and the depth of fades which occur, but it does not
significantly affect their durations or the length of the inter-fade intervals [7]. The
influence of path elevation angle, frequency, climate, season, and time of day on fade
duration are all continuing to be the subject of investigation.

Fade depth, fade slope, fade duration and inter-fade interval statistics are of
importance in adaptive power control systems. These statistics indicate the relative
frequency with which fades occur, and are useful in determining such design parameters as
reserve power system cycling time and the probability that channels with long holding

times will be interrupted [7].

1.2 Overview of the Study

The Olympus propagation experiment at Blacksburg was conducted to evaluate
the atmospheric effects on the propagation of Ku and Ka band frequencies for a satellite to
ground path. The secondary statistics of the experiment are concerned with the analysis of
fade duration, inter-fade interval, fade slope, and fade depth. This thesis is aimed at an

investigation of fade and non-fade durations.



Chapter 2 reviews atmospheric propagation effects and identifies the different
factors that contribute to and influence signal attenuation. These include such factors as
rain, gaseous absorption, scintillation, etc.

Chapter 3 discusses attenuation characteristics and illustrates the concepts of fade
level, fade duration, inter-fade duration, fade slope, and fade depth. It briefly describes the
different ways of measuring attenuation.

Chapter 4 gives a brief description of the overall OLYMPUS experiment in order
to get a clearer picture of the results that will be discussed in the subsequent chapter. It
also defines various quantities and parameters used in the thesis.

Chapter 5 presents an analysis and discussion of the results of the Olympus
experiment pertaining to fade and inter-fade durations. Annual statistics for fade duration
and inter-fade interval are presented for 12, 20 and 30 GHz beacons. Results for the
month of April are also presented as an example. These statistics are presented in the form
of tables and graphs which provide detailed information on the number, time, and percent
time of fades and inter-fades at different attenuation levels. The main contribution of this
work, however, is the development of a model which predicts the fade time as a function
of beacon frequency, fade duration interval, and fade level. The measured and predicted
results agree well

Chapter 6 summarizes the conclusions of this research and offers suggestions for

future work.



2. PROPAGATION IMPAIRMENTS ON
SATELLITE-EARTH LINKS

The mechanisms affecting electromagnetic wave propagation on earth-space paths
have been described extensively in numerous articles [8-11]. Throughout the frequency
range under consideration, the atmosphere is, at least to some extent, opaque to the
transmission of electromagnetic energy. However, depending on the frequency and angle
of elevation of the transmission, the atmosphere has propagation characteristics that can
vary from those of a virtually transparent medium to one which is almost completely
opaque. Here is a brief review of how different frequencies behave under different
atmospheric conditions and how these propagation phenomena can affect satellite

communications.

2.1 Atmospheric Effects

The earth is moving through the atmosphere of the sun and the varying energy
levels from the sun have a strong influence on different portions of the earth's atmosphere.
The particles ejected by the sun interact with the earth's magnetic field. These particles
ionize the constituents in the earth's upper atmosphere, creating ionized layers. The
ionized layers in turn play a role in the propagation of radiowaves at different frequencies.

Below a height of about 80 kilometers, the gases are mixed homogeneously and
this part of the atmosphere is known as the homosphere. Above 80 km the gases start
stratifying according to their weight, and this region is known as the heterosphere. If the

potential energy contained in the atmosphere were uniformly distributed over the globe



there would be no movement within the atmosphere. The energy stored in the atmosphere
due to the energy reaching the earth from the sun is, however, not uniformly distributed.
Much of the energy is received in the earth's equatorial regions, leading to much higher
average temperatures within the tropics compared to the polar regions. This temperature
imbalance causes the horizontal and vertical flow of the constituents of the atmosphere.
The horizontal flow is responsible for such phenomena as tropical cyclones, the hurricanes
of North America, and the typhoons of Asia. The vertical flow is more associated with
rain and thunderstorms.[12].

The radiowave interactions with the troposphere, which extends from 0 to 12 km,
need to be taken into account at frequencies greater than 1 GHz. It should also be borne in
mind that the thickness of the troposphere, where the weather effects occur, varies with
both latitude and season.

Rain, the most significant cause of signal attenuation, determines the circuit
reliability in satellite communications systems above 10 GHz. Besides rain attenuation,
there are other mechanisms that affect propagation through the troposphere, degrading
system performance to some degree, and thus are a cause of concern to system designers.
These are gaseous and cloud attenuation, rain and ice depolarization, amplitude, phase and
angle of arrival scintillation, and sky noise. It is interesting to note that all these take place
in a minute fraction of the earth-satellite path; less than 20 km out of 40,000 km. This
0.05% of the path has been the subject of intense study for more than twenty years, and
work on the measurement, understanding and prediction of its effects is continuing today
[13].

The transmission and absorption characteristics of the atmosphere are of
fundamental importance in the allocation of frequencies, particularly for slant path

applications. Services providing communication links with satellites generally operate



within the principal regions of atmospheric transparency, the so called window regions
adjacent to the absorption bands. However, even in the window regions, additional
attenuation and other signal degradations can occur in the presence of precipitation (rain,
cloud, snow, etc.). The use of frequencies within the absorption bands is particularly
suited for some applications. Services which have allocations in these bands include inter-
satellite links, the passive space and passive earth exploration satellite services, the fixed
and mobile radio location services (for airborne radar systems) and radio-astronomy, using
the weak water vapor absorption line near 22 GHz.

The molecules primarily responsible for atmospheric absorption in the microwave
region are water vapor and oxygen. Absorption takes place when the electromagnetic field
of the radiowave excites molecular resonances in molecules possessing a magnetic dipole
moment, such as O», or an electric dipole moment, such as water vapor.

The most transparent portion of the spectrum extends from 70 MHz to 20 GHz
and is sometimes referred to as the all weather spectrum region, although rain effects are
significant only above 10 GHz. The other window regions of the low attenuating
atmosphere in the microwave/millimeter wave part of the spectrum are approximately 20-

48 GHz, 67-108 GHz, 125-175 GHz and 200-300 GHz.

2.2 Signal Degradation

Operation under clear weather conditions sets a base level for system performance
and provides threshold criteria against which the performance parameters are specified and
the receiving/transmitting systems are designed. In practice, degradation in the system
performance will occur as a result of additional path loss or distortion introduced by the
variable transmission medium, and can be caused, for example, by rain, cloud and

scintillation.[7]. Below is a brief description of the various causes of signal degradation.



The amplitude of the received signal is reduced from the clear air value by
absorption and/or scattering by oxygen, water vapor, rain drops, and cloud and fog
droplets. Of these, oxygen absorption in the 55-65 GHz band has the strongest effect.
Attenuation in this band is so great that it makes earth-space communication virtually
impossible. At frequencies below the oxygen absorption band, water vapor becomes the
most prominent attenuating gas. It causes a weak absorption peak (generally less than 1
dB on a vertical path, depending on humidity) in a band around 22 GHz. Aside from
oxygen absorption around 60 GHz, the greatest attenuation effect comes from rainfall
which absorbs across the whole micro-wave and millimeter-wave and above Because of its
severity and unpredictability, rain attenuation rightly receives the most attention in the
design of millimeter-wave satellite communications systems. Attenuation due to clouds is
relatively small compared to that of rain, but it is normally present for a much longer
period of time. It should be considered in systems operating above 30 GHz, in locations
where heavy rain is rare but cloud is common. Cloud attenuation may be significant in
VSAT systems with < 3 dB margin. Fog attenuation is not normally of concern in satellite
systems because fog layers are relatively thin and do not usually occupy much of the

propagation path through the atmosphere[14,15,16].

2.2.1 Rain Attenuation

The rate of rainfall along the signal path must be known for the prediction of
propagation impairments due to rain. The horizontal and vertical dimensions of the core of
the thunderstorm, in which the heavy rain exists, vary with geographic regions. Local
factors, such as rain accumulation, types and relative occurrence of different rain
structures, vertical and horizontal extents of rain cells, and perhaps even the existence of

preferred axes of anisotropy, all influence the prediction of propagation impairments along



a given satellite-ground link. Local terrain features may also play a role, especially with
regards to rain in mountainous regions.

Nevertheless, the physical processes responsible for the generation of rain
presumably operate similarly from region to region (except for extraordinary events such
as typhoons, hurricanes, and tornadoes). For example, thunderstorms are expected to
form, yield rain, and then dissipate in a somewhat similar fashion worldwide. The synthesis
of various meteorological parameters to form the basis of sufficiently accurate predictive
models for propagation impairments and potential restoration techniques should therefore
be possible. Extensive rainfall rate measurements have shown that the diameters of intense
rain cells decrease as the average rain rate within the area increases.[12]

The lifetime of individual rain cells is usually rather brief, often only 10 to 20
minutes, although occasionally, intense cells can persist for periods as long as an hour.
There is a tendency for new cells to form adjacent to existing cells so that rainstorms may
have lifetimes much longer than the average lifetime of single cells within a storm.[12]

The attenuating effects of rain and the statistical nature of these effects are chiefly
determined by both the macroscopic and microscopic scales of rain systems. The
macroscopic characteristics include factors such as the size, distribution, and movements
of rain cells, the height of melting layers and the presence of ice crystals. The combined
effect of the characteristics on both scales influence the cumulative distribution of
attenuation, the duration of fades versus time, and the specific attenuation versus

frequency [17].

Types and distribution of rain
(a) Stratiform rain

In the mid latitude regions, stratiform rainfall is the type of rain which typically



durations exceeding one hour and rain rates less than about 10 mm/h. This type of rain
usually occurs during the spring and fall months and has, because of the cooler
temperature, in vertical heights of 1-4 km. For communications applications, the stratiform
rains represent a rain rate which occurs for a sufficiently long period and the link margin

may be required to exceed the attenuation associated with a half-inch per hour rain rate.

(b) Convective rain

Convective flow occurs in a rain cell whose horizontal extent is usually several
kilometers. The cell usually extends to heights greater than the average freezing layer at a
given location because of the convective upwelling. The cell may be isolated or embedded
in a thunderstorm region associated with a passing weather front. Because of the motion
of the front and the sliding motion of the cell along the front, the heavy rain duration is

usually only several minutes, but may exceed one hour on rare occasions.

(c) Cyclonic rain

Tropical cyclonic storms (hurricanes) sometimes pass over the eastern coast of the
United States during the August-October time period. These circular storms are typically
50 to 200 km in diameter, move at 10 to 20 km/h, extend to melting layer heights up to 8
km and have high (greater than 25 mmv/h) rain rates.

The stratiform and cyclonic rains cover large geographic locations, the spatial
distribution of total rainfall from these storms is expected to be uniform. Likewise, the
rain rate averaged over several hours is expected to be rather uniform for ground sites
located up to tens of kilometers apart. Convective storms are localized and tend to give

rise to spatially non-uniform distributions of rainfall and rain rates.[17].
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In calculating the attenuation for a specific rain rate, it is necessary to estimate
both the shape, fall velocity and size distribution of the raindrops. Due to aerodynamic
effects, the drops tend to become oblate spheroidal in shape and thus present a different
apparent cross-section for different orientations of polarization. Vertically polarized
transmissions are attenuated less than the horizontal ones and for the circularly polarized
waves attenuation assumes an intermediate value. Drop-size distributions have been
measured experimentally and can be approximated to an exponential law. However, at
millimeter wavelengths where the small drops cause significant attenuation, the use of this
exponential distribution might produce significant errors in calculating the attenuation.
Although not significant in determining attenuation, wind shear tends to cause the minor
axis of the water droplets to be aligned in a non-vertical direction. This canting effect is

most important in determining the crosspolar scattering.[18,19].

2.2.2 Gaseous Attenuation

Molecular absorption by oxygen and water vapor determines the dominant effects
in the frequency band up to 300 GHz. The permanent magnetic moment of the oxygen
molecule and the electric dipole moment of water vapor interact with electromagnetic
transmission to yield absorption lines at 22.2, 180.3, and 324 GHz for water vapor and in
the vicinity of 60 and 119 GHz for oxygen. The absorption band at about 60 GHz is
complex in structure, being composed of some 43 lines which, due to pressure broadening,
produce a continuum at sea level with a peak attenuation of nearly 14 dB/km at 60 GHz.
At high altitude, the structure of the individual lines becomes apparent, as the effects of
pressure broadening diminish. Above 300 GHz, the attenuation due to the contribution
from an extensive number of water vapor lines in the infra-red part of the spectrum

increases to a maximum value greater than 100 dB/km.
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The total gaseous absorption through the atmosphere can be calculated with
reasonable accuracy from the zenith attenuation using a cosecant law down to elevation
angles of about 5 degrees. Below this elevation, refraction of the transmission becomes
significant and the real path length must be calculated through a ray tracing approach. At
60 GHz the total zenith attenuation is of the order of 100 dB, whereas in the infra-red
regions it is well in excess of this value. Thus transmissions from earth are almost
completely absorbed before reaching space. These frequency bands have been identified as
a possible allocation for interference free (from the earth) space to space communications

systems [14,15,16].

2.2.3 Attenuation Due To Hydrometeors

Although, most of the attenuation on a slant path is attributable to rainfall, the
hydrometeors in the melting layer and above have some effect. By comparing the direct
slant path attenuation measurements with those derived from radar observation, it is
possible to estimate this effect. On the average, between 10% and 20% of attenuation may
arise from the non liquid phase of hydrometeors during a rain storm at 11 GHz. [20]

The mechanisms of attenuation for ice, hail, sleet, and snow are largely the same as
those for raindrops. However, it is difficult to calculate their cross-section accurately, due
to the varieties of shapes and condition of melting manifest in snow, hail and sleet. In
general, snowfall, does not produce levels of attenuation greater than moderate rain. The
most significant effect often is the accumulation of snow on a ground antenna rather than
snow in the propagation path [21].

Fog attenuation can generally be neglected below 100 GHz. In dense fog
(0.5gm/m3 corresponding to a 50 m visibility) the specific attenuation at 140 GHz would

be 4 dB/km, although the actual value would depend on the type of fog. Attenuation in
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clouds can also vary considerably. On a zenith path, the total attenuation due to drops at
95 GHz might range from 0.5 dB to 7 dB for strato-cumulus and cumulo-nimbus clouds,
respectively. Ice clouds, while causing significant scattering, do not produce much

attenuation below 40 GHz. Above these frequencies, their effect could be significant [20].

2.2.4 Thermal Noise

Any object that anything that absorbs electromagnetic energy radiates it as well.
The energy reradiated by the tropospheric absorbing media is incoherent and broadband. It
is received by the earth station antenna along with the downlink signal, and appears at the
receiver output as thermal noise generated in the receiver front end. The effect of the
received noise energy is accounted for by adding a sky noise temperature to the receiver
noise temperature. This sky noise temperature is related to the attenuation that the
medium produces. Disregarding extraterrestrial sources such as the sun, sky noise
temperature is zero when the attenuation is zero, and it asymptotically approaches the
physical temperature of the medium as the attenuation becomes large. The effect of the
thermal noise on system performance is to reduce the downlink carrier to noise ratio
(C/N), which is exactly the same as amplitude reduction on the downlink. However,
because the thermal noise increase is additive, the magnitude of the effect depends greatly
on the earth station noise temperature in the absence of sky noise. For example, a 100 K
sky noise contribution would produce a signal to noise ratio degradation of 3 dB if the
system noise temperature was 100 K without rain, but the same sky noise contribution

would be negligible if the earth station noise temperature started out at 1000 K [17].

2.2.5 Interference

Systems that employ orthogonal polarizations to reuse the spectrum are subject to
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self-interference through crosstalk between the orthogonally polarized channels. The
degree of self-interference is established by satellite and earth station antenna performance,
and by the depolarizing effects of water drops and ice crystals in the path. The effect of
depolarization interference is fundamentally different from the amplitude reduction and
thermal noise effects in that increasing the link power does not reduce the interference.
This is because a power increase raises the level of the desired and the interfering signals
simultaneously. Cross polarization can, however, be reduced by employing special feeds in
the antenna. Another type of interference that can worsen system performance is
intersystem interference. Rain can cause scattering of electromagnetic energy out of the
line-of-site path, resulting in increased leakage of uplink power into the receive beam of
adjacent satellite, or between terrestrial line-of-site systems and low-angle earth station
antennas.[12].

Although attenuation represented until recently the major concerns of satellite
communications users, interference between services sharing the same frequency bands is
anticipated to be of major importance in the future. The increased crowding of the radio
spectrum at microwave frequencies has resulted in shared frequency bands being allocated
to terrestrial microwave services. Under normal meteorological circumstances,
interference between these two services can be kept to an acceptable level by judicious
siting of the earth stations. However, under both rainfall and anomalous propagation
conditions, unwanted signals from distant transmitters can cause a significant interfering

signal [7].
Rain Scatter

Light to moderate rain can act as a large nearly isotropic scattering medium and

thus transmissions, which are normally screened from a receiving site by terrain or
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curvature of the earth, can produce significant signal level at considerable distances. The
mechanism is somewhat complex in that both attenuation and scattering, in the liquid,
freezing layer and ice phase, have to be included in any realistic model. Some preliminary
prediction techniques have been developed which indicate the magnitude of the problem.
The effect peaks at moderate rain rates for the higher microwave frequencies and thus
could persist for a significant percentage of the total time. Some experimental

observations on these effects have been made over a range of microwave frequencies [22].

Dust and Sand

Sand, specially when wet, has been considered as a possible source of attenuation.
However, although very limited data are available, attenuation is expected to be less than
1 dB in the most severe sandstorm conditions. Some recent theoretical calculations

indicate significant attenuation from sandstorms in humid conditions [23].

Anomalous Propagation in Clear Air

Layers can form in the troposphere at heights up to several kilometers. Duct
propagation is normally associated with warm, humid, fairly stable conditions of the
anticyclonic type. These elevated layers can form ducts which trap electromagnetic
radiation and cause it to propagate over considerable distances. As in the case of rainfall
scattering, receiving sites which are normally shielded by terrain can be affected by such
propagation.

The interfering signal strength at a receiving site can be calculated for a standard
atmosphere (i.e. 4/3 effective earth radius). However, in conditions of stronger negafive
refracting gradients (i.e. > 50 N/km), the signal strength arising from knife edge or

spherical diffraction can increase significantly, even without the presence of a duct. In
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general, the rain-scatter problem is anticipated to be the more severe cause of interference,

specially at higher frequencies. [24].

Interference on Shared Allocations

Aircraft flying near or in the main beam of earth station antenna could cause
unwanted signals to be scattered into its receiving antenna. Experimental observations of
aircraft scatter have been reported in West Germany.[25] Normally, those satellite
installations which operate within a shared frequency allocation (i.e. trunk microwave and
satellite systems) are sited well away from air lanes. However, an increase in the use of the
smaller antenna systems and their location near either air routes or airports with the
associated stacking zone is anticipated in the future. Thus, the aircraft scatter mechanisms
could be a future problem if shared frequency allocations are imposed on these services.

Of more general significance to the interference problem could be the effect of
stubble fire caused by burning straw and chaff during the harvest season. Clouds of carbon
particles, which become suspended in the atmosphere, can rise to heights of one to two
kilometers and persist at least for an hour. During humid conditions, the scattering
properties, as measured by radar, resemble those of a moderate to heavy rainfall cell
extended over several kilometers. However, these clouds exhibit relatively little
attenuation. Clearly, the potential for interference from such a carbon particle cloud is
considerable. Forest and bush fires would also be expected to cause a similar effect. As
some fine particles are carried as high as the stratosphere, the interference effect might be

apparent at very large distances.[26].

2.2.6 Scintillations

Scintillations are clear air effects appearing as amplitude and phase fluctuations on
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the received signal and also occur during rain in a similar manner. Scintillations comprise
of both the enhancement and attenuation of the signal. They are caused by the troposphere
which exhibits random variations of refractive index, resulting in amplitude and phase
fluctuations of the received signal. At microwave frequencies, these fluctuations generally
have secondary importance on terrestrial paths. However, on slant paths, where the axis of
the transmission passes near the edges of the cumulus cloud, fairly strong scintillations
(peak to peak values of 2 dB) can be observed at and above 11 GHz. On paths, with low
elevation angles (< 10°), the scintillation effects can persist for a significant percentage of
the time and can exceed several dB down to C- band. They are highly correlated to high
temperature, high humidity, air density and its motion. Scintillations increase with increase
in frequency, decrease with elevation angle and decrease with the aperture size of the

receiving antenna.

2.2.7 Other Parameters Effecting Signal Impairments

Signal impairments are also dependent on the following factors:

Operating frequency
With the exception of signal attenuation by gaseous absorption, the severity of

tropospheric impairments increases with frequency.

Antenna elevation angle and polarization
The length of the part of the propagation path passing through the troposphere
varies inversely with the sine of the elevation angle. Accordingly, propagation losses, noise

and depolarization increase with decreasing elevation angle. Rain attenuation is slightly
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polarization sensitive. Depolarization is also polarization sensitive with cross polarization

being the most susceptible.

Earth station altitude

At equatorial and moderate latitudes, the elevation angles of slant paths vary from
near zenith to about 20 degrees, except for paths very far away from the sub-satellite
point. Thus, with the exception of transmission from high latitude regions, the total path
length in the active part of the troposphere is relatively small. In general, dominant
tropospheric effects occur on the first 10-20 km of the path. As less troposphere is
included to paths from higher altitude sites, impairments are less. Latitude, however,

strongly influences the climate and propagation effects are dependent on latitude.

Earth station noise temperature
This determines the relative contribution of sky noise temperature to system noise
temperature, and thus the effect of sky noise on the downlink signal to noise ratio (S/N).

This has been discussed in the section dealing with thermal noise.

Local meteorology

The amount and nature of the rainfall in the vicinity of the earth station are the
primary factors in determining the frequency and extent of most significant propagation
impairments. Impairments caused by rain depend on the rate of rainfall and path length in
the rain, so how the rain tends to fall is as important as the cumulative amount of rainfall.
The type and extent of cloud cover and local humidity characteristics are other

meteorological factors that influence propagation impairments.
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Defocusing

Defocusing of the wave front due to the refractive index gradient also contributes
to some loss at low elevation angles. Typically a 5 degree elevation path would suffer an
additional loss of 0.15 dB with RMS fluctuations of about 0.015 dB.

The signal degradation also occurs due to the aperture-median coupling in
conditions of turbulence. The normally plane wavefront becomes distorted (i.e.
corrugated). Again, the effects are most serious at very low elevation angles, where large
antennas might suffer a significant loss in their effective gain. It has been reported [26]
that, a 22 m antenna in Japan exhibited a reduction of gain of 0.2 to 0.4 dB at 5 degrees

elevation angles when operating at 6 GHz..

2.3 Ionospheric Effects

The ionosphere consists of several ionized layers at altitudes between 70 and 300
km, and produces strong reflection as well as absorption of radio waves. The reflecting
properties of the ionosphere are utilized to provide communication links over long
distances and are a dominant influence on terrestrial radiowave interactions with the
tropospheric constituents up to 30 MHz. These effects diminish with increasing frequency
up to about 70 MHz when the ionosphere becomes effectively transparent most of the
time.

However, for space-to-earth or earth-to-space transmissions, ionospheric effects
persist, mainly in the form of induced scintillation, radiowave group delay and rotation of
the plane of polarization (Faraday rotation) up to frequencies of several GHz. [11].

Although transmissions greater than 70 MHz generally pass through the
ionosphere, without being absorbed significantly, the effect of the ionosphere can be

detected at considerably higher frequencies. As with the troposphere, small variations in
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the effective refractive index of the ionosphere (caused by the variations in the electron
density) produce a variety of effects which extend through VHF, and UHF into the
microwave parts of the spectrum. Scintillations are one of the more pronounced effects.
The character of the scintillations is determined by the global position and local time. In
general, equatorial scintillations occur at night time and exhibit large fluctuations, e.g.
several dB at 4 GHz. At mid latitudes, the occurrence of scintillations varies on a daily,
seasonal, locational and epoch of the sunspot cycle basis. In the polar regions scintillations
are strongly correlated with the aurora.

Faraday rotation has significant effects on earth space communications. Linearly
polarized electromagnetic waves, when traversing the ionosphere, can be split into two
independent elliptically polarized components. These two waves travel inside the ionized
region with different velocities. Hence, on recombination, the plane of polarization is
changed. At 100 MHz, a linearly polarized wave could rotate 30 times during its passage
through the ionosphere, whereas at 6 GHz a maximum of only a few degrees would be
expected. Clearly, if frequency reuse is to be employed, any significant rotation of the
polarization causes unwanted crosstalk in the adjacent channels. Radio waves are refracted
in their passage through the ionosphere due to the non-uniform vertical structure of
electron content. The effect is relatively small, of the order of a few tenths of a degree at
low elevation (5 degrees) at 10 MHz. The effect decreases with increasing elevation angle
and transmission frequency.

In general, ionospheric effects such as faraday rotation, delay, refraction and
absorption follow an inverse square law with respect to frequency (1/f2). The frequency
dependence of scintillation is more complex and depends on the amplitude, whereas

dispersion exhibits a (1/13) dependence [27].
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Multipath Propagation

Multipath propagation in the troposphere does not cause the severe problems on
slant path transmissions which are observed on terrestrial line-of-sight systems. The
chances of producing a refractive index which could yield a two path situation is almost
impossible except at very low elevation angles of less than 2 degrees. However, multipath
can be observed at low elevation and over sea paths, where the sea surface acts as a

reflector for the secondary path.

Clear Air Effects

The refractive index of the troposphere is a function of temperature, pressure, and
water vapor pressure. As these parameters vary with position and time, electromagnetic
waves are perturbed when compared with propagation in free space. These variations can
be separated into large-scale, mesoscale, effects (> few km) and small scale variations (< 1
km). The most dominant large scale effect is the decrease of pressure and temperature in
the vertical direction, where the refractive index decreases in an approximately exponential
manner. This decrease causes gentle refraction of electromagnetic waves back towards the
surface of the earth. For slant path transmission, the effect, although hardly noticeable at
moderate elevation angles, becomes significant for low elevation angles. For instance, at 1
degree true elevation, the observed elevation of a satellite is 1.5 degrees.[7] The effect is
almost independent of frequency but exhibits variations for different climatic regions. For
instance, the increase in the apparent angles of elevation for a maritime tropical and a
continental polar climate is 0.25° and 0.17°, respectively, for true elevation of 5°. Short
term RMS variations are also observed but are generally less than 0.02° for angles of
elevation greater than 1° . These fluctuations are only important for reception with narrow

beam-width antennas (0.01°) at elevations less than 10° [7].
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3. ATTENUATION CHARACTERISTICS

Attenuation of signals on earth-satellite paths due to atmospheric effects is a major
consideration in designing satellite communication systems. The duration of the
attenuation, how 'deep' a fade may be, and how fast it can fluctuate are just some of the
questions that are asked. To answer these queries, experimental data need to be collected.
These data will allow us to understand and study the different characteristics of the

attenuation phenomenon.

3.1 Attenuation Measurement
There are two basic techniques of measuring attenuation over the signal path,

beacon measurement and radiometer measurement.

3.1.1 Beacon Measurement

The use of a beacon greatly increases the ease with which attenuation
measurements can be made. The beacon is a signal of known frequency and strength, and
thus by measuring the amplitude of the received signal and comparing it with a reference
level, the attenuation experienced in the propagation path can be established. In our
experiment, we used the OLYMPUS beacons at 12.5, 20, and 30 GHz to measure the

attenuation at these frequencies.
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3.1.2 Radiometer Measurement

An alternate way of measuring attenuation is to use radiometers. Radiometers
measure sky noise, which is related to the attenuation. If the radiometer is pointed in the
vicinity of the signal whose attenuation is to be measured, the variations of the sky noise
can be used to estimate the attenuation in the path.

Sun tracking radiometers can also be used to estimate long term attenuation and
provide a greater range of measurement than a stationary sky noise radiometer, but the
problem with them is that they cannot be used for night time attenuation measurements.
Also, due to dependence of rain attenuation on elevation angle, deeper fades are produced

when the sun is low, during rain, than when it is high.

3.1.3 Data Processing

The data collected at a sample rate of 10 Hz are pre-processed. Preprocessing
edits the raw data as necessary to resolve the missing or inconsistent data and then applies
the calibration files to obtain the instantaneous values for beacon attenuations, radiometric
temperatures, etc. The diurnal removal is the final step in per-processing, which removes
the effect of satellite motion and also yields the time sequences for Attenuation due to free
space (AFS), attenuation due to clear air (ACA), and radiometrically derived attenuation
(ARD), to be discussed later. The output of the pre-processing program is input to the
analysis stage.

The analysis process is divided into the following sections
* Generation and binning of the quantities
* Accumulating binned data for a given time span

* Tabulating and graphing the results
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The data are filtered using thirty-second filtering to remove some of the extreme
fluctuations due to scintillation effects. Three hundred data points, which represents 30 s
are summed and divided by 300. This is done continuously with a sliding window to
provide a 30 s filtered value for every 0.1 of a second. The output of the analysis process
yields fade duration, non-fade duration, fade slope, scintillation intensity, and attenuation

statistics.

3.2 Cumulative Statistics

The attenuation measurements, whether by means of beacons or by radiometers
can be used to study the characteristics and behavior of signal fading. Cumulative statistics
are constructed to study the cumulative effects of fade duration, fade slope, attenuation
ratio, fade depth, etc. To study scintillations, the instantaneous attenuation data are
required as they are rapid fluctuations that arise due to clear air effects. To study rain
induced fades, their durations, slope, depth, and attenuation ratios, the scintillation effects
have to be removed and therefore the data need to be filtered. The OLYMPUS experiment
at Virginia Tech used a 30 second block averaging filter for this purpose.

For fade duration and inter-fade intervals, analysis can be done for the monthly,
seasonal, and annual variations of the phenomena and cumulative distributions obtained.
These distributions can be used to construct models for predicting the attenuation
characteristics at some other location, or, knowing the attenuation behavior, to predict the

attenuation ahead of time as required for uplink power control.
3.3 Prediction Models

Different models have been proposed to predict the severity of rain fades. They use

the rain rate, rain drop size distribution, and the climatic zone information for these

24



prediction models. The world has been divided into eight zones, each having a different
rain pattern. Among the well known models are the CCIR model [28], SAM model [29],
and the Crane model [30]. Vogel [1], has come up with a relationship that relates the rain
rates and rain duration to the depth of fades and fade duration.

The models provide rain rate statistics, attenuation statistics or both. Generally
these statistics can be related by use of the specific attenuation and path length relations.
For example the Crane model gives the rain attenuation associated with a given
exceedance time and was the basis for the CCIR prediction model which also gives rain
attenuation associated with a given exceedance time percentage and is globally applicable.

The critical feature of a slant path rain attenuation prediction model is how to
create the effective path length over which the rainfall rate can be quantified and
attenuation calculated. The aim is to produce an effective path length that has a physical
basis and so can be modified for different climates and frequencies, if this is found to be
desirable. The SAM model introduces a spatial variation in the rainfall rate itself by means

of an exponential decay. For a comparison of some of the different models refer to [17]

3.4 Fade Studies
The fade studies conducted at Virginia Tech, consisted of fade level, fade duration,

inter-fade duration, fade slope, and fade depth.

3.4.1 Fade Threshold

When communication systems are designed, some parameters have to be fixed;
these parameters serve as the limitations under which the system has to operate. Fade level
is one such parameter. It is the threshold level of attenuation below which the system is

said to operate satisfactorily. If the attenuation exceeds this level the system performance
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will be affected in the form of signal distortion and possibly lower signal to noise ratio. It
is therefore the boundary condition for the system, which will not deliver the required
performance for attenuation exceeding the fade level. It is of concern to system designers
to specify the fade level as high as possible in order to make the system immune to most of

the signal deterioration it would encounter at a lower fade level.

3.4.2 Fade Duration

Fade duration, FD, is defined as the length of time in seconds for which the
attenuation due to free space, AFS, exceeds a specified threshold level. Knowledge of fade
duration and its distribution and frequency are important for the satellite system designer
as it sets the limit for the time that the system has to be able to sustain fades of a given
strength.

According to Howell et al., [31] data on the fade durations is relevant to satellite
systems design since it is important to know if a given total yearly outage is the result of a

few long fades or is composed of many shorter ones.

3.4.3 Inter-fade duration

Inter-fade duration, IFD, is the elapsed time from when the attenuation due to free
space, AFS, crosses a threshold at the end of one fade until it recrosses the threshold at
the beginning of the next fade. In other words, inter-fade duration is the duration between
two successive fades. It is also called non-fade duration. A signal is therefore either in fade

or non-fade.

3.4.4 Fade Slope
Fade slope, FSE, is a measure of the rate of change of attenuation and has the units
of dB/s.
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Definitions

A typical signal vs time plot for a beacon is shown in Fig 3.1, which will be used to
define and explain the attenuation parameters in more detail.

In this figure, the threshold or fade level Ay, is shown by the horizontal line. The
fade starts at time t] and the signal comes out of fade at t3. The fade duration, FD, is the

time (in seconds) from t] to t3 corresponding to the points A and B respectively.

FD=t3 -1
Inter-fade duration, IFD, is the time in seconds between two consecutive fades.

This corresponds to the time difference from t3 to t4.

IFD =t4 - t3

Fade slope, FS which is a measure of the rate of change of attenuation can also be
explained using this figure. Various definitions of fade slope exist, but for our case we will
use the definition used by ESA (European Space Agency). Fade slope is measured only
after the signal has crossed from a non-fade level to a fade level or vice versa. It can
therefore assume both negative and positive values depending on whether its going into a
fade or coming out of it. In Fig. 3.1 the signal enters a fade at point A and the fade slope
will be calculated by dividing the difference in the signal attenuation level from point C to

A with the time difference t5 - t1. It is measured in dB/sec.

FSE=Ap - Ai/t2-11
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Another important fact about fade durations and inter-fade durations, noted, by Kuan-
Ting and Curt A. Levis, [32] is that the total number of inter-fade events is equal to the
total number of fade events for the same threshold level. This is sometimes confusing, but
Fig. 3.1 can once again be used to classify it. Suppose the figure presents the data for one
hour of signal measurements. If the signal experiences 3 fades during this time there must
have been at least 2 non-fades. If the signal started from a non-fade value as well, there are
3 non-fade intervals and therefore the number of fades and the number of inter-fades are
equal or differ by at most one. This is true for any duration considered whether it is an
hour, a month, or a year. The distributions of the fades and non-fade are not and will not
be the same. A fade of 60 sec is not associated with an inter-fade duration of 60 sec.
Therefore if we look at the number of fades exceeding any fade duration, and compare this
to the number of inter-fade durations of the same exceedance time, they may not appear
the same nor show any consistency on a month to month basis.

Referring to Fig 3.1, it can also be seen that the number of fades and the number of
non-fades at any threshold and for a fixed fade/inter-fade duration do not have to be the
same, as might normally be thought. It is possible to have say 28 fades that exceeded a
fade duration of 5 minutes but that does not imply that there have to be 28 inter-fade
intervals exceeding 5 minutes. Therefore, an exceedance distribution of fade duration does
not really give information about the exceedance distribution of inter-fade distribution or,

vice versa.
3.5 Previous Studies on Fade/Inter-Fade Durations

Researchers have been performing experiments to gather propagation data on

millimeter-wave earth space links for a few decades, and in the process, have accumulated
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sizable data bases. The data shows a wide range of variations, even for consecutive years
at one location. Here are some of the results of the previous fade duration studies.

Kuan-Ting Lin and C. Levis [32] have noted that fade durations are generally short
compared to the inter-fade intervals, at the same fade level and are measured in minutes
while inter-fade intervals may last for hours.

Lee et al.,, [3] in an experiment at Blacksburg, Virginia, using a 19 GHz beacon
aboard the COMSTAR satellite made the following observations: The distribution of rain
attenuation is seasonally dependent, thus the number of fades and their durations are
expected to depend on the season. During the summer months (June, July, August) in the
Northern Hemisphere in temperate climate zones, fades occurred with at least twice the
frequency at which they occurred in the other months, and the median durations were
somewhat longer. This happens because in cooler months, when widespread and less
intense storms are common, fades reach shallower depths and tend to fluctuate fairly
rapidly. This produces shallow fades of short duration and short inter-fade intervals.
During intense thunderstorms, fades reach and return from deep levels fairly rapidly; hence
at shallower thresholds, the fades tend to have slightly longer durations and longer inter-
fade intervals. Conversely, at the deep fades thresholds the durations are shorter and
accompanied by long inter-fade intervals. Fades exceeding 10 dB in depth were rare
outside the summer months. This experiment collected data using an antenna at an
elevation angle of 45 degrees.

If storm cells move at right angles to the propagation path, the path length in a
particular cell would vary as the sine of the elevation angle, but the time the path
intersected a cell would not. Hence it seems reasonable that fade durations statistics would

be less sensitive to elevation angle than are fade depths and the number of fades.
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S. H. Lin [33] notes that at K- and Ka- band, fade durations follow log-normal
statistics.

H. W. Amold et. al. [34] conclude that inter-fade intervals between high
attenuation fades were much longer than those between low attenuation fades.

J. Goldhirsh [35] using a 28,56 GHz beacon on the COMSTAR satellite concluded
that at the higher fades the 12 monthly curves for the most part fall into three groupings;
summer, fall-spring, and winter. Summer had the most fade activity while spring had the
least fade activity.

R. G. Howell et al. [31] using OTS. INTELSAT V and OLYMPUS data conclude
that at higher frequencies and lower elevation angles fades last longer.

W. J. Vogel et al. [36] using various INTELSAT satellites have come up with
some new definitions. They note that inspection of rain gap density reveals that periods
with any rain at are separated from each other by at least 4.2 hours which they use to
define events episodes and gaps. A fade/rain event is defined as the fade or rain duration
which is followed by an inter-event duration longer than 4.2 hours, while an episode is
defined as a fade/rain duration followed by an inter-event duration of less than 4.2 hours.
The inter-event duration of more than 4.2 hours is the inter-event gap while, the inter-
event duration of less than 4.2 hours is called the inter-episode gap. They go on to
conclude that rainfall inter-event gaps, and event durations, as well as fade event, episode,
and gap duration are log-normally distributed. Rain events were less likely to occur before

noon, and more likely between 0500 to 0800 and 1800 to 2100 hours.
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4. THE OLYMPUS EXPERIMENT

4.1 The OLYMPUS Experiment at Blacksburg

The Virginia Tech OLYMPUS experiment consisted of propagation terminals
which continuously measured signals received from the OLYMPUS 12.5, 19.77, and
29.66 GHz beacons. The terminals also had total power radiometers which measured
atmospheric absorption and accurately established a clear weather reference level for the
associated beacon signal. The 20 GHz beacon was used for small scale-diversity
measurements using a second 20 GHz receiver. Site diversity constitutes a two-site
diversity receiving system. It is characterized by diversity gain, GD, a statistical quantity
derived from the joint attenuation, AJ(t), which at any time is the smaller of the

attenuations measured at the two receivers.

AJ(t) = min. {ACA (t) - ACAp (1)} 4.1)

where the subscript 'D' is for the diversity receiver. Diversity gain is the difference between
the average single-site attenuation and the joint attenuation. In August 1991, a 30 GHz
diversity receiver was added, it used the 20 GHz diversity terminal.

The beacon are visible at a 14° elevation angle from Blacksburg, which is located

at 80.44° W and 37.23° N at a height of 646 m. This corresponds to the lowest elevation
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angle in the contiguous United States when using domestic satellites. Measurements with
OLYMPUS beacons began in August 1990. The OLYMPUS spacecraft became unstable
on May 29, 1991. It left its geostationary orbit and went into an orbit with 5° of advance
per day while tumbling with a period of 90 s. However, after 76 days the European Space
Agency (ESA) was able to stop the spacecraft on its assigned orbit. On August 13, 1991
the 12.5 GHz beacon and on August 14, 1991 the 20 and 30 GHz beacons were turned
on. We therefore use the data for the months June-August 1992 to replace the missing
months in 1991 and get one full year of data analysis. In October 1992, the 30 GHz
beacon system failed. Due to low station keeping fuel and cessation of North-South
Station keeping maneuvers the large inclination angle of the satellite orbit caused several
dB daily fluctuations in signals at Blacksburg. These constraints permitted one complete
year of data to be analyzed. This year, referred to as the "analysis year" consists of

January-May 1991; June-August 1992; September-December 1991.

4.2 System Overview

The OLYMPUS experiment receiving system consists of four terminals, one for
each of the 12, 20, and 30 GHz beacons and one 20/30 GHz diversity terminal. All the
terminals similar in their design, include a parabolic reflector antenna, RF system, IF stage,
radiometer, and an analog/digital receiver each. Weather data measurements were also
made. The overall system block diagram is shown in Fig 4.1, and the complete details of
the receiver and radiometer design, operation, and maintenance are given in the references
[37,38].

As an example, the description of the 12 GHz terminal is described below. The

block diagram of the 12 GHz terminal is shown in Fig 4.2.
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4.2.1 RF System

The signal is received by a parabolic reflector antenna equipped with a dual
polarized corrugated feed. The signal then goes through a waveguide switch, a motorized
step-attenuator, a low noise amplifier (LNA), and a waveguide bandpass filter. The
waveguide switch provides a reference source at known temperature and allows for the
isolation of the calibration signal from the beacon signal when radiometer calibration is
being conducted and the isolation of the beacon signal from the calibration signal during
normal operation. The LNA amplifies the signal by about 35 dB, while the filter provides
rejection of the image frequency and image noise, which improves the noise performance
in the RF section. The final stage of the RF system is a mixer which downconverts the RF
signal to an IF frequency of 1120 MHz. This IF frequency is the same for all three
beacons. A local oscillator (LO) signal whose frequency is 1120 MHz below the beacon
frequency is also supplied to each mixer. Fig. 4.3 shows the block diagram of the RF

system.[38]

4.2.2 IF System

The IF system provides the second stage of frequency down conversion, from
1120 MHz to 70 MHz. The 1120 MHz signal from the output of the RF system is first
amplified by a preamplifier with a gain of 25 dB. The preamplifier is housed in the RF box,
while all the remaining IF equipment is housed inside the satellite tracking station. The
output of the preamplifier goes through a MMIC (monolithic microwave integrated
circuit) amplifier, bandpass filter, and mixer. The MMIC amplifier has a second output
which is connected to the radiometer. The filter has a center frequency of 1120 MHz and a
bandwidth of 25 MHz. It provides rejection of the image frequency noise and thus

enhances the noise performance in the 1120 MHz to 70 MHz downconversion stage. The
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down conversion takes place in the mixer which uses a local oscillator of 1050 MHz. Fig

4.4 illustrates the block diagram of the IF system.[38]

4.2.3 Radiometer

The radiometers monitor sky noise in a 25 MHz bandwidth which does not contain
any radiated signals and is in the neighborhood of the beacon frequency. They are of the
total power type. Radiometer measurements provide a clear air reference level for each
beacon. The radiometer chain consists of a 1 GHz amplifier with a gain of 30 dB, a
bandpass filter with a bandwidth of 25 MHz to limit the noise bandwidth, a step attenuator
for level adjustment, a square law detector to convert the noise into a DC signal, a DC
amplifier with a voltage gain of 2000, and a voltage to frequency converter. The output of
each radiometer goes to the DAS. Automatic calibration of radiometers is achieved by
injection of excess noise from a noise diode and by motorized step attenuator in the RF

box which switches the receiver input to a matched load at a known temperature.[37]

4.2.4 Analog/Digital Receiver

The receiver consists of two stages, the 70 MHz IF stage and the 10 kHz
filter/amplifier stage. The IF stage consists of a step attenuator for gain adjustment and
calibration, a 70 MHz bandpass filter with a bandwidth of 1 MHz to limit the noise
bandwidth, a 70 MHz MMIC amplifier with a gain of about 12 dB, and an image canceling
mixer. The mixer uses an LO signal frequency of 69.99 MHz to downconvert the 70 MHz
signal to a 10 kHz signal.[38]

The output signal from the IF stage passes through a two section 10 kHz
Chebyshev bandpass filter with a bandwidth of 200 Hz. The amplifier has a second output

which is connected to the frequency locked loop (FLL) system. The output of the 200 Hz
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filter goes to an A/D converter in the I-Q detector via a buffer amplifier. The A/D
converter samples the signal at a rate of 1 kHz. The first filter limits the noise bandwidth
with a minimal effect on the dynamics of the FLL. The bandwidth of the second filter
should be less then 500 Hz as determined by a 1 kHz sampling rate. The FLL exists only
in the 12 GHz receive terminal. The purpose of the FLL is to lock the LO frequencies for
all terminals to the 12 GHz beacon. With this scheme, the 20 GHz and 30 GHz receivers
should not be out of lock even in the event of deep fades, because the three OLYMPUS
beacons are coherent and the 12 GHz beacon to which the LO signals are locked is much
less prone to fades than the 20 GHz and 30 GHz beacons. The FLL also permits rapid

reacquisition of lost signals [38]. Fig. 4.5 shows the block diagram of the receiver.

4.2.5 Data Acquisition System (DAS)

The data acquisition system (DAS) collects and stores beacon, radiometer, and
weather data for all four receive terminals. It uses an IBM PS/2 model 60 microcomputer
as a data collection and archiving node. The major elements of the DAS are PS/2 interface
card, backplane, backplane control card, input cards for temperature, status and
radiometer, and receiver card.

There are five types of interface cards which are used with the DAS. They are:
analog input, digital input, radiometer interface, and I and Q detector. The analog input
card can receive up to 32 channels of 0-10V analog data with 12 bit resolution. The digital
input and output cards are each comprised of 16-bit digital channels. The radiometer
interface card inputs data from all four radiometers and converts their frequencies to
counts. The I and Q detector implements a FIR digital filter for final detection of the 10
kHz IF signal.
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A sample clock is generated by the control card and distributed to each of the
input cards, thus all inputs are sampled simultaneously. After the sample pulse, the control
reads the data from each card and buffers the data for transmission to the PS/2.

Apart from the above mentioned components, the receive terminals are also
equipped with power supplies which provides uninterruptable power at 24 VDC and -12
VDC, an air drying system to keep the RF section free of damp air as it may cause excess
attenuation and a temperature monitor and control system which monitors the temperature
of the active RF devices and maintains a temperature within +1°C of 45° C. When the
temperature within the RF box goes below 45° C, the temperature control unit turns on

the heater.[38]

4.3 Data Reduction
Data reduction involves three steps.
(a) Data collection
(b) Preprocessing
(c) Analysis

4.3.1 Data Collection
Data are collected from three principal sources; the environment that includes
information about rain, temperature, pressure, etc., the four beacon receivers, and the

three radiometers. Different types of data are briefly discussed below.
4.3.1.1 Beacon Data

It is important to understand how data are collected and stored as it helps to

understand the ultimate interpretation and application of the reduced data. The 10 kHz
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analog signal is converted to an I and Q sample stream in the A/D converter at a 1 kHz
sample rate. The data are then filtered in a 3 Hz bandwidth FIR filter. This post-detection
filter has 1116 most recent coefficients stored in a ROM. Every 0.1 second (corresponding
to a 10 Hz sample rate) the filter output is recorded. The 1116 most recent 1 kHz rate
samples are used. In the 0.1 second sample period 100 new samples of the 1 kHz stream
are entered into the filter and the 100 oldest samples are dumped. The beacon data include
the quantities listed below.
a. Attenuation
a.1 Attenuation with respect to free space (AFS)

Attenuation with respect to the free space level (AFS) measures the dB difference
between the instantaneous signal (S) and the signal (SFS) that the receiving terminal
would have received if the propagation medium were a vacuum. Here (SFS) is called the

free space reference level.[39,40]

AFS =SFS - S (4.2)

AFS includes all propagation impairments, i.e. attenuation due to gaseous
absorption, water vapor, clouds, scintillation, and rain. AFS can be both positive or
negative. However, it is only negative in clear weather when the signal enhancement due
to multipath propagation are greater than the losses due to gases and water vapor.

a.2 Attenuation with respect to clear air (ACA)

Attenuation with respect to clear air (ACA) measures the dB difference between

the instantaneous signal (S) and the signal (CA) that the receiving terminal would have

received in clear weather. It includes scintillations, rain, and cloud effects but excludes
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water vapor and gaseous absorption. Diurnal variations in the signal attenuation are

removed at the preprocessing stage of the data analysis.

ACA=CA-S (4.3)

b. Scintillations

Scintillations are a clear air effect appearing as amplitude fluctuations on the
received signal. They are caused by the changes in the refractive index of the troposphere
and result in amplitude and phase fluctuations of the received signal. They are highly
correlated to high temperature, high humidity, and air density and its motion. Scintillations
increase with increase in frequency, decrease in elevation angle and decrease in aperture
size of the receiving antenna. Scintillations result in both the enhancement and attenuation

of the signal.

c. Fade Slope (FSE)

Fade slope (FSE) is a measure of the rate of change of attenuation and it has the
units of dB/s Fade slope is calculated using ACA as the reference. For this experiment, the
fade slope at a given attenuation threshold is defined as the difference between attenuation
in dB 5 seconds after the threshold is crossed (ACA¢+5) and the attenuation in dB 5

seconds before the threshold is crossed (ACA¢.5), divided by 10. That is,

FSE(ACA) = (ACA(+5 - ACA{5)/10  [dB/s] (4.4)

where FSE(ACA) is the fade slope corresponding to clear air attenuation threshold ACA.
(The E in FSE indicates a fade slope calculated by the ESA method.) With this definition,
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fade slopes are positive when attenuation is increasing and negative when attenuation is
decreasing. FSE is defined only if the following two conditions are satisfied; the
attenuation crosses and then becomes numerically larger than the threshold for at least 10
seconds and then the attenuation becomes numerically smaller than the threshold and
remains smaller for at least 10 seconds. Fade slope calculated using the instantaneous
values is quite sensitive to relatively small variations in the received signal. The other
definition of fade slope, [40] as used for the OLYMPUS experiment uses 10 sec block
averages of attenuation, which is more descriptive of attenuation behavior in an
operational communication system. The block averages (AFSB) are calculated by
summing the 50 previous samples (corresponding to 5 s) and the 50 samples following the
ith 0.1 s interval from the beginning of the day to which the block average is to be
calculated and then dividing it by 100. The instantaneous (10 Hz) AFS; samples are used

to construct the block averages given by

AFSB,, = (ﬁ)(ﬁ AFSi) [dB] 4.5)

Fade slope is calculated from the block averages at the ith sample point as

FSB; (AFSi) = AFSBisso-AFSBi-s0)  [dB/s] (4.6)

where AFSi is the threshold attenuation with respect to free space at the ith time sample

obtained by averaging over the central 10 s period:

i+50
AFSi = LO 3" AFS] “7)

J=i—49
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d. Fade Duration (FD)

The fade duration, (FD), is the length of the time in seconds for which the
attenuation exceeds a specified threshold of AFS. It is possible to modify the definition to
incorporate hysteresis; this defines the end of the fade to be the point at which the
attenuation has cleared the threshold by, for example, 1 dB. This effect is not included in
the analysis. A 30 second block averaging is used to remove scintillations from fade

duration data.

e. Inter-Fade Duration (IFD)

A non-fade or inter-fade duration (IFD) is the elapsed time from when the
attenuation (AFS) crosses a threshold at the end of one fade until it recrosses the threshold
at the beginning of the next fade. Fade and inter-fade durations are discussed in more

detail in chapter 5.

4.3.1.2 Radiometer Data

Radiometers measure antenna noise temperature from which path attenuation,
referred to as the radiometrically derived attenuation (ARD), can be derived. It provides a
reference on how to get ARD from T (the measured noise temperature) and estimates
beacon attenuation accurately for attenuation values below 10 dB.

In the absence of rain, radiometers can determine the beacon attenuation due to
clouds, water vapor, atmospheric gases, etc. Radiometric attenuation is needed to
establish the clear air and free space reference levels from which beacon attenuation is
established. Without a radiometer, beacon attenuation measurements can have an

uncertainty of several dB because beacon receivers cannot separate absorption and cloud
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attenuation from antenna pointing errors, diurnal variations in the signal transmitted by the

satellite, etc.

4.3.1.3 Environment Data
Environmental data [39] are collected by two tipping bucket rain gauges and by
sensors which measure air temperature, rain temperature, relative humidity, and

barometric pressure.

a. Rain accumulation
Rain accumulation, (RA), is the depth of water in millimeters that would

accumulate on a flat, horizontal surface exposed to the rain.

b. Rain rate

Rain rate, (R), is the time derivative of rain accumulation expressed in mm/h It is
measured by the time interval between successive trips of a tipping bucket rain gauge. A
trip is a momentary closure of a mercury switch. Each rain gauge trip corresponds to
0.254 mm (0.01 inch) of rain accumulation. The total accumulation for any interval is

measured by counting the trips in that time interval and multiplying by 0.254 mm/trip.

¢. Relative humidity

Relative humidity (RH) is the ratio of the atmospheric water vapor pressure to the
saturation vapor pressure, expressed as a percent. The data for relative humidity is not
displayed, though beacon signals are subject to water vapor absorption and scintillations

show a strong positive correlation with humidity and temperature.
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d. Rain temperature
Rain temperature (TR), is the temperature of the falling rain. It is of concern
because the ratio of the specific attenuation at two frequencies (an important factor in

uplink power control) is very sensitive to TR.

e. Air temperature
Air temperature serves primarily as an indicator of frontal system passage and will
help identify any temperature-sensitive equipment problems or environmental effects like

antenna icing. No analysis of air temperature is done for this experiment.

f- Barometric pressure
Barometric pressure is used to track frontal systems and as a general indicator of

local weather conditions. It is not used for this experiment.

g. Wind velocity
Wind velocity is monitored for possible correlation with other observations. Wind

velocity is not separately displayed or analyzed.

4.4 Data Analysis Process

Fig 4.6 shows an overview of the analysis process together with the data inputs. It
shows the various major components involved in the analysis. The data acquisition system
(DAS) records all the data and provides a real time display of them. Once a day, all the
recorded data is backed up on a 150 Mb data tape. This data is not in a form ready to be

analyzed. It contains portions where the data may be incorrect or even missing. The raw
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data goes through a preprocessing stage before it is considered reliable enough for use in

the analysis.

4.4.1 Preprocessing

The preprocessing program edits the raw data as necessary to resolve missing or
inconsistent records and applies the calibration files to obtain the instantaneous values for
beacon attenuations, radiometric temperatures, etc. The preprocessing program output is

archived to tape and input to the analysis program.

4.4.2 Processed Data

The processed data include rain accumulation and rain rate data for the
environmental data, attenuation, fade duration, fade slope, non-fade duration, and
scintillation statistics for the beacon signal, attenuation statistics for the radiometric data,
and some data on specialized topics. Data from both rain gauges and from both 20 and 30
diversity terminals are included. Some important features of the data are discussed below

and some definitions are also given.

Resolution

Resolution is defined as the degree to which nearly equal values of a quantity can
be discriminated. Practically speaking, it is a change in an output variable's value which
corresponds to a 1 bit change in the corresponding digital data. In cases where the
resolution of the DAS varies with the value of the input variable, we will define the

resolution as the coarsest resolution observed anywhere over the input variable's range.
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Range and Binning

The data are tabulated in different ranges, below or above which there does not
exist any data. For example for attenuation with respect to free space the measurable dB
range is from -8 to 40. Enhancements above 8 dB and attenuations above 40 dB will be
taken as -8 dB and 40 dB respectively.

The data are recorded with a precision determined by the word length of the DAS.
For some applications (time histories, scatter plots), etc. these values can be used as
recorded. But for statistical analysis it is necessary to sort the data into intervals
designated class sizes or bins. The structure of these bins is a tradeoff between the large
bins desired for reasonably smooth histograms and the small bins required for an accurate
description of the information being displayed. The binning format generally follows the
ESA recommendations but for fade durations and non-fade durations a different format is
used. Wherever several variables are listed in a given set (for example, AFS, ACA, etc.), it
is understood that the binning will be the same for all.

Not all data are displayed in ways that require bins, for example rain accumulation

data is not binned.

4.4.3 Final Analysis

The final analysis involves the process where the different quantities of interest are
generated and displayed with the aim of better understanding the phenomena and the
factors affecting them. In this thesis, the final analysis comprised of studying the fade
duration and inter-fade duration statistics, and developing a model from which the

behavior of these phenomena can be predicted.
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S. ANALYSIS OF FADE AND INTER-FADE
DURATIONS

5.1 Fade and Inter-Fade Durations

The secondary statistics for the OLYMPUS propagation experiment consist of
fade duration, inter-fade (non-fade) duration, fade slope, ultimate fade depth, etc. These
statistics, presented in the form of tables and graphs, are valuable to satellite
communications systems designers; the data also aid in the understanding of the nature of
fading. Data on the durations of periods of fading is relevant to satellite system design
since it is important to know if a given total yearly outage is the result of a few long fades
or is composed of many shorter fades.

Fade and inter-fade duration statistics are presented in this chapter. Fade duration,
FD, is defined as the length of time in seconds for which the attenuation with respect to
free space, AFS, exceeds a specified threshold level. The threshold level can be set
arbitrarily. When attenuation AFS exceeds a threshold level of AFST a fade is said to have

occurred. Its duration is defined as

FD (AFST) =ty - tm (5.1)

where AFST is the 30 second average of attenuation with respect to free space, t;, is the

time when the signal comes out of fade, and t, is the time when the signal enters a fade.
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As an example, refer to Figure 3.1, where the threshold level is 3 dB, whenever the
attenuation exceeds 3 dB it is said that a fade event has occurred. The fade duration is

then calculated by the above equation. For this example it would be

FD=t3 -1
Inter-Fade Duration, IFD, also called non-fade duration, is the elapsed time from when the
attenuation {AFS) crosses the threshold at the end of one fade until it recrosses the

threshold at the beginning of the next fade. Its duration is defined as

IFD(AFST) = t) - tp (5.2)

where AFST is as defined above, tp, is the time when the signal reenters into a fade while
ty is the time when it came out of fade. This corresponds to t4 - t3 in Figure (3.1). The

results of the analysis of fade durations and inter-fade durations are discussed below.

5.2 Monthly and Annual Statistics of Fade and Inter-Fade Durations

Fade duration data are available in the form of monthly statistics. A sample of the
data for both fade and inter-fade durations for the month of April at 12 GHz is shown in
Table 5.1. The rows in this table are arranged in pairs; the first row in each pair
corresponds to fade events, whereas the second row corresponds to non-fade events. The
first entry of a row (column 1) specifies the fade/non-fade level. The second entry of the
row (column 2) provides the total fade/non-fade time in units of 0.1 second corresponding
to the fade level in column 1. The remaining entries of a row (columns 3, 4, 5, ...) give the
number of fade/non-fade events with durations equal to or exceeding 0, 1, 2, 3, S, 6, 10,

18, 20, 30, 60, 120, 180, 300, 600, 1200, 1800, and 3600 seconds. Table 5.1 shows
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durations up to 18 sec, and fade levels up to 1 dB only, because all columns and rows
cannot be accommodated on one page. Fade levels range from -8 to 40 dB. The data
described above constitutes only one half of the data on this table. The same table includes
a second set of entries in the lower half. The first two columns of the second set are
identical to those of the upper half set. The remaining columns of the second set provide
the fade/non-fade time in units of 0.1 second for durations equal to or exceeding 0, 1, 2, 3,
5, 6, 10, 18, 20, 30, 60, 120, 180, 300, 600, 1200, 1800, and 3600 seconds. As an
example let us consider the 1 dB fade level in Table 5.1. For a total of 347713.8 seconds
in April 1991 the attenuation, AFS, exceeded 1 dB. This is the total fade time. Also for
1803698.7 s in the same month the attenuation, AFS, was below 1 dB, total inter-fade
time. There were 4726 fade events which were equal to or lasted more than 0 s, 4304 fade
events which equal to or lasted more than 1 s, 3809 fade events which were equal to or
lasted more than 2 s and so forth. The times corresponding to these number of fade
events, in Table 5.1 are 347940.2, 347699.3, and 347002.6 seconds, equal to or exceeding
0, 1, and 2 sec fade durations, respectively.

Inter-fade durations are the complement of fade durations. They are the durations
between the consecutive fade events. The total time for which the data are available (in
one month) is equal to the sum of both fade and non-fade times exceeding O sec.
Obviously, the same total time, for the fade and inter-fade durations combined (> O sec),

should be obtained at any fade level.

5.2.1 Monthly Statistics
Fade and non-fade duration statistics are tabulated and graphed for each month of
the analysis year. They are available at the Satellite Communications Laboratory for the

analysis year. In this thesis the figures and tables for the month of April 1991 along with
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the annual figures and tables are given. Data for some months in 1991 were not available
due to satellite failure, therefore the corresponding months in 1992 were used to complete
one year of data analysis. The analysis year consists of January to May 1991, June to
August 1992, and September to December 1991.

The tables are presented according to the CCIR specifications. Monthly statistics
for a representative month (April 1991) are discussed here. Tables 5.2 and 5.5 show the
fade and non-fade duration statistics at 12 GHz for April 1991, respectively. These
statistics include fade levels of -3, -1, 0, 1, 3, 5, 10, 15, 20, and 25 dB and fade durations
exceeding 1, 6, 10, 60, 600, and 3600 seconds. Three entries are given at each fade level
and for both fade/non-fade duration exceeded. The first entry is the number of fade/non-
fade events NEF/NENF, the second entry is the fade/non-fade time, FT/NFT, and the third
entry is the fade/non-fade time expressed as the percent time of the period data were
collected, PFT/PNFT. To better appreciate the significance of these quantities, an example
is given. Let us consider the fade level of 3 dB in Table 5.2. At this fade level there were
36 fade events which lasted 20 seconds or more, the fade time for all fades with durations
equal to or exceeding 20 seconds was 9169.1 seconds, and this fade time is 0.354% of the
time data were collected in April 1991. As the table shows, the number of fades for
attenuation levels less than or equal to 0 dB, is 1. This means that the signal was always
under fade or that it never experienced any enhancements. Table 5.5, the table for inter-
fade duration has exactly the same format. For a 3 dB level, exceeding an inter-fade
duration, IFD, of 20 sec, there were 38 inter-fade intervals lasting for 184133.1 sec. and
accounting for 71.04% of the time for the month of April. As there were no
enhancements, the number of inter-fade events for attenuation levels < 0 dB is 0. This is
primarily due to block averaging which tends to mitigate the scintillation effects and

therefore, enhancements are evened out by the attenuation and do not show up at all.
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Tables 5.3 and 5.4 present the fade duration statistics and Tables 5.6 and 5.7 present inter-
fade interval statistics for the 20 and 30 GHz beacons, respectively.

Figures 5.1 and 5.4 illustrate the number of fade events, NEF, and the percent
time of all fades, PFT, respectively, versus fade duration, FD, at 12 GHz. Plots of NEF
(Figs 5.2 and 5.3) and PFT (Figs. 5.5 and 5.6) for 20 and 30 GHz are also presented.
Examination of Figs 5.1, 5.2, and 5.3 indicates that, for the same fade duration exceeded
and the same threshold level, the number of fade events at 12 GHz is less than that at 20
GHz which in turn is less than that for 30 GHz. Figs 5.4 to 5.6, indicate that the curves are
nearly flat for 1 < FD < 20 sec, indicating that the total fade time with fade duration
exceeding any value in the range 1-20 sec is nearly constant. We therefore, do not include
fade durations less than 10 sec in the future monthly and annual plots. Furthermore, for
the same threshold level and fade duration exceeded, the fade time at 30 GHz is, as
expected, larger than that at 20 GHz which in turn is larger than that at 12 GHz.

The same statistics are also presented for non-fade events at 12, 20, 30 GHz.
Tables 5.5 to 5.7 summarize the inter-fade (non-fade) statistics. The entries in these tables
have the same meaning as those in the tables for fade duration. Likewise, Figs 5.7 to 5.9
present plots of the number of events associated with non-fade, NENF, versus inter-fade
duration, IFD and Figs 5.10 to 5.12 display plots of the non-fade time as the percent time
of the month of April 1991, PNFT, versus inter-fade duration, IFD. Examination of Figs
5.7, 5.8, and 5.9 indicate that for the same inter-fade duration exceeded, the number of
non-fade events decreases with the threshold level. This behavior is similar to fade events
discussed above. Also, for the same inter-fade duration exceeded and the same threshold
level, the number of non-fade events for 12 GHz is less than that for 20 GHz which in turn
is less than that at 30 GHz. The total time for non-fade events exhibits a different behavior

than for the fade time. For example, at 12 GHz the time of all non-fade events is the
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highest at the threshold level of 3 dB (= 71% of April), whereas at 20 GHz the non-fade

time is highest at the threshold level of 5 dB as observed from Figs 5.10 and 5.11.

5.2.2 Annual Analysis

The annual fade duration data has exactly the same format as those already
explained for the monthly statistics. The data are now collected over the period of 12
months instead of a month. The tables and figures presented for annual analysis have the
same meaning as their monthly counterparts. A brief look at the results obtained from the
annual statistics is given below.

Tables 5.8 to 5.10 show the annual fade duration statistics for 12, 20, and 30 GHz,
respectively. Fade levels as high as 15 dB were experienced for 12 GHz, while fade levels
of 25 dB occurred for 20 and 30 GHz. For the 12 GHz signal, the 1 dB level had the most
number of fades while, the maximum time for fades was at the O dB level. For the 20 and
30 dB the maximum number of fades were at 1 dB and the maximum fade time occurred
at the 3 dB level. Tables 5.11 to 5.13 give the same information for inter-fade intervals for
the 12, 20, and 30 GHz signals, respectively.

Fig. 5.13 plots the number of fades (NEF) versus the fade duration (FD) exceeded
for the 12 GHz beacon. The number of fades for the 1 dB level was 34636 exceeding the
fade duration of 10 sec, whereas for 15 dB there were only 10 fades exceeding the fade
duration of 10 sec. Figs. 5.14 and 5.15 are the plots for NEF versus FD for the 20 and 30
GHz. Figs. 5.19 to 5.21 are the graphs for the number of events associated with non-
fades, NENF, versus inter-fade duration, IFD, for the 12, 20, and 30 GHz beacons,
respectively.

Figs 5.16 through 5.18 and 5.22 to 5.24 are the plots of percentage of fade time

versus fade duration, and percentage of non-fade time versus inter-fade duration. As can
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be seen the percentage of fade time decreases with increase in the fade level. It has higher
overall percentages for the 20 GHz beacons than for the 12 GHz, while the 30 GHz has
the highest fade times at any fade level. A similar behavior is observed for the percentage
of non-fade time for the inter-fade duration at 12 GHz, but for the 20 and 30 GHz beacons
the percentage time for non-fades at 1 dB is lower when compared to the 3 dB fade level.
This means that at the 1 dB level, the fade events were more numerous than at the 3 dB
level and were the cause of rapid but shallow fluctuations of the signals. The fades at fade
levels of 3 dB or more are associated with less frequent yet longer lasting inter-fade
intervals. For fades higher than, 3 dB, all the three frequencies exhibit decreasing
percentages of inter-fade intervals for increasing fade levels.

The annual statistics results for fade and inter-fade durations are given in the form

of CCIR approved tables and exceedance plots.

5.2.3 Discussion of Fade and Inter-Fade Durations

As expected, fade durations are short compared to inter-fade intervals and are
measured typically in minutes, as opposed to hours for inter-fade intervals [32].

Fades of a given depth occur approximately twice as often during the summer
months as during the remainder of the year. This has been pointed out by various authors
[36,40], therefore, a similar study was conducted with the OLYMPUS data gathered at
Virginia Tech. As shown in Fig 5.25, the number of fade events seems to be rather high
from May through August (summer months). These figures has been constructed for the
12 GHz beacon at a threshold level of 3 dB, and for different fade durations exceeded.
The months of May and August, experienced the highest number of fade events reaching
peaks of 310 and 280, at 1 dB threshold respectively. Apart from the summer months, the

months of March and December also show a high (> 250) number of fade events. The



months September to February, excluding December, show very little fade event activity
(< 120 fade events per month). The number and percent time of fades for the month of
December '91 are clearly unusual for a winter month. The month of April also had a small
number of fade events. The time that the fades lasted in these months also shows a similar
trend as seen in Fig. 5.26. We see that fades occupy more time during the summer months
of May to August, with the most time in July. The times seem to be rising steadily rather
through the summer months rather than having two peaks as were present in the plots for
the number of fade events. This can be explained as follows. Even though the number of
fade events for May was more than the number of fade events for any other month, it had
more frequent but short duration rainfall. This accounts for the higher number of fade
events and also the shorter time spent in these fades. May is typically a showery month in
Blacksburg, Virginia. The month of June, on the other hand, did not have as frequent
rainfall as May but the duration of each rain event lasted longer and contributed more to
the time the signal remained under fade. This is in excellent agreement with the rainfall
data collected at the tracking station for the analysis year. The months of May to August
had a rain fall accumulation of 3.38 inches or greater and so did the months of March
(5.52) and December (3.66). All the other months had below 3 inches of rain fall except
November whose rainfall is still less than 3.38 inches.

It can therefore be concluded that the number of fade events and their duration are
related to the seasons. The rainy season had a dominant effect on the frequency and
durations of fade events. The discrepancy for the winter month can be attributed to the
fact that this month had an abnormal rain activity and so the number of fade events and
their durations were more like the summer months.

Bostian et al. [3] report that during the summer months (June, July, August), fades

occurred with at least twice the frequency at which they occurred in the other months. In
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the cooler months, when less frequent and mild rain is more common, fades reach
shallower depths and fluctuate fairly rapidly. This produces shallow fades of short duration
and short inter-fade intervals. In summer when intense rainstorms are common, fades
reach and return from deep fades rapidly. Therefore, at shallower thresholds, the fades
tend to have slightly longer durations and longer inter-fade intervals. Conversely, for
higher thresholds the durations are shorter and are accompanied by long inter-fade
intervals. If storm cells move at right angles to the propagation path, the path length in a
particular cell would vary as the sine of the elevation angle, but the time the path
intersected a cell would not. Therefore, fade durations statistics would be less sensitive to
elevation angle than would fade depths and the rate of occurrence of fades. The inter-fade
interval increases with fade depth. Elevation angle has a strong influence on the number
and depth of fades observed, but not on their durations.

Upton and Larsen mention the desirability to construct a prediction model for peak
level attenuation and for fade duration [41]. They claim that in practical systems once a
fade which exceeds the system margin has occurred it is of little or no importance to know
what the peak attenuation was. This really means that once a system is experiencing a fade
beyond the operational threshold it doesn't matter if the signal fades any more or not.
Thresholds, set by the designer, usually are the limit under which reliable communications
is possible. Once the signal level drops below this level there is no guarantee that
communication will be possible. It is therefore important to know for how long such fades
can occur, and thus prediction models for fade duration can be useful.

For systems employing uplink power control, it is useful to know the duration of a
fade at the threshold level as there is a limit to the extra power that can be supplied under
fading conditions. Models for such systems should employ both the fade level and the fade

duration as independent parameters.
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Vogel [36] proposes new definitions for events, episodes, and gaps. These are
based on the observation that rainfall or rain fading occurs in the form of events which are
often separated from each other by many hours or days. Within an event, the rain or fade
level usually has many peaks and valleys which are separated from each other by relatively
short gaps.

According to Vogel an event starts when the observed quantity crosses a threshold
for the first time and ends when it falls below the threshold and is followed by a long gap,
the inter-event gap, during which the rainfall rate is zero or the fade is less than a low non-
rain level. After an event has started, there may be several short peaks separated by short
gaps. These are called episode and inter-episode gaps, respectively.

Inspection of the rain gap duration density functions, plotted for rainfall rates from
0 to 120 mm/hr, reveals that periods with any rain are separated from each other by at
least 4.2 hours. Therefore, any gap longer than 4.2 hours is said to be an inter-event gap,
and conversely, any gap shorter than 4.2 hours is an inter-episode gap. [36]

The study of fade gap duration density, also reveals the existence of two distinct
groups, namely the short inter-episode and long inter-event gaps. The rainfall derived time
of 4.2 hours is chosen to separate the episode and event gap distributions and fade
thresholds of 3, 5, 10, 15, and 20 dB are considered. There were 22 events annually with
20 dB fades. This discrepancy arises from the fact that rain is measured at a point, whereas

fades are generated over a long path.
5.3 Fade Duration Model

A good model must predict fading at locations where rainfall rate measurements

are available or where they can at least be inferred from climatological considerations [36].
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The ultimate aim of most data analysis studies is to develop a prediction model that
allows the calculation of the required parameters by using a general equation that performs
satisfactorily at different locations where the knowledge of the independent parameters is
already known. The fade duration model should therefore, ideally, be capable of predicting
the time for which the fade duration at any attenuation level and frequency can be

interpolated.

5.3.1 Proposed Model

A model is developed here using the data available from the 12 GHz, 20 GHz, and
30 GHz beacons from the OLYMPUS satellite. Annual fade duration data at these
frequencies are used to construct this model. The fade durations used to develop the
model are in the form of FD intervals of different sizes. An attempt is made to be able to
tell what the fade time would be for different intervals, using different fade levels, and for
any of the three beacons frequencies using the same model.

Before discussing the model, it would be worthwhile to explain the format of the
fade duration data that are used for its construction. Table 5.14 shows the annual fade
duration data for the 12 GHz channel. The only difference between this form of fade
duration data and that previously described is that the columns for fade duration are now
presented in the form of intervals instead of fade durations exceeded. Only the data
displayed in the form of time (in seconds) are used, because of the importance of fade
time, FT, instead of the number of fades, because in practical satellite system design it is
desirable to know how long, or for what percentage of the time a fade at any attenuation
level can last. The table lists fade duration intervals of 30 to 60 s, 60 to 120 s, 120 to 300

s, and 300 to 1200 s for the 12 GHz beacon.. These intervals were chosen after several
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Table 5.14 Sample of the annual fade duration data used for
the construction of the fade duration model at 12 GHz

Attenuation Fade duration interval

level (dB) 30-60s 60-120s 2-5min  5-20 min
3 44688 79337 195364 452940
4 22647 49504 97681 241848
5 10078 32515 72495 128274
6 8562 14402 57702 91450
7 5366 13263 46050 84792
8 5527 17169 39012 54236
9 4651 10429 24917 42624
10 4589 7193 19626 33894
11 3121 8874 13437 37758
12 2408 4721 7381 16742
13 1673 4929 3336 15738
14 1923 3100 6603 7637
15 883 1461 5766 0
16 888 1609 1895 0
17 371 652 1717 0
18 0 0 1581 0
19 0 0 0 0
20 0 0 0 0
21 0 0 0 0
22 0 0 0 0
23 0 0 0 0
24 0 0 0 0
25 0 0 0 0
26 0 0 0 0
27 0 0 0 0
28 0 0 0 0
29 0 0 0 0
30 0 0 0 0
31 0] 0 0 0
32 0] 0 0 0
33 0 0 0 0
34 0 0 0 0
35 0 0 0 0
36 0 0 0 0
37 0 0 0 0
38 0 0 0 0
39 0 0 0 0
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attempts and realizing that taking very small bins did not give very conclusive results as
the fade durations are not very far apart.

The approach taken in the construction of the model was to break up the problem
into distinct parts and work on one part at a time. The relationship of the fade time
corresponding to a threshold for a fade duration interval at all the three frequencies was
examined with the goal to find a model common to all beacon frequency signals. In the
\ﬁrst step, we attempt to construct a general equation at 12 GHz which yields the fade time
corresponding to a given fade duration interval as a function of attenuation level., this fade
time (in seconds) is denoted by FT 1. The FD interval of 30 to 60 seconds is chosen as
the reference interval. Once the equation relating the attenuation levels to the fade time for
the fade duration interval of 30-60 seconds at 12 GHz has been established, we look for a
relationship between the fade time at the other frequencies for the same fade duration
interval. This allowed us to calculate the fade time for the 30-60 sec FD interval at any of
the three frequencies and possibly also to interpolate between 12 to 30 GHz., this fade
time (in seconds) is denoted by FTg¢ Clearly, this makes the fade time, (or using
appropriate normalizing factors, the percentage of fade time) a function of frequency and
attenuation level at the 30-60 sec FD interval. The last and final step in the construction of
the model is to introduce some procedure to evaluate the fade time corresponding to other
FD intervals, and to make the model versatile enough for use in the whole range of the
available data. The fade time, FT, thus obtained is a function of frequency, attenuation
level, and fade duration interval.

Statistical procedures were used to arrive to any conclusive results with regression
and curve fitting offering the most promising solutions. The approach adopted was to
establish a reference value for all the parameters, because the whole study is based on the

relative interdependence of attenuation level, frequency, fade duration interval and fade
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time. AXUM, a commercial statistical software was used for the regression analysis, and
the best fit was found by changing the type and complexity of the equations chosen for
regression. Regressions over five different types of curves were done and the measured
data were compared to them. The curves investigated included the exponential,
polynomial, log to the base 10, log to the base e, and the power law types. Figs 5.27-5.31
compare the obtained regression equation with the actual data for the candidate curves.
The regression was done on the 12 GHz channel for the 30-60 s fade duration interval.
The exponential curve gave the best fit and was chosen for further model

development. The exponential regression equation is expressed as

FTyy = 89004 e(-1.315A + 0.118A2 - 0.004A3) (5.3)

where FT 17 is the fade time in seconds for the 12 GHz frequency and A is the attenuation
in dB. It is remembered that this equation is, for the time being, only valid for the 12 GHz
data at a fade duration interval of 30 to 60 s.

Next, the relationship between the different frequencies is investigated. Any of the
frequencies can be used and the results scaled in frequency. Since 12 GHz showed the
least fade time in any fade duration interval, 12 GHz was chosen as the reference
frequency used to normalize the fade times for 20 GHz, and 30 GHz. The results of
downscaling the 20 and 30 GHz frequencies to the 12 GHz beacon is shown in Figs 5.32
and 5.33. The data for the 20 GHz beacon was divided by 6.4 and that for 30 GHz beacon
was divided by 11.8 for downscaling with respect to the 12 GHz beacon data. The values
of 1 (for 12 GHz), 6.4 (for 20 GHz), and 11.8 (for 30 GHz) are defined as the scaling
ratios, S. Division by the appropriate scaling ratio, the fade time are normalized to the fade

time for the 12 GHz data for the 30-60 s fade duration interval. The relationship of the
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scaling ratios to the three frequencies can be given by the following equation.

S =-8.899 + 0.915f - 0.008 2 (5.4)

where f is the frequency in GHz and S is the scaling factor. Substituting 12, 20, and 30,
for the three frequencies, the scaling factors are 1, 6.4, and 11.8 respectively.
Equation (5.4) is combined with (5.3) to incorporate the frequency dependence for the 30

to 60 second fade duration interval. The modified equation then becomes

FTg= 89004 (-8.899 + 0.915f - 0.008 {2) e(-1.315A + 0.118A2 - 0.004A3 ) (5.5)

where FTris the cumulative fade time in seconds for the 30-60 s fade duration interval at
any of the three frequencies, f'is the frequency in GHz, and A is the attenuation in dB.

A comparison of the values obtained from equation (5.5) with the measured data
for FT¢ shows excellent agreement up to about 18 dB. Above this level, the regression
equation of (5.5) underestimates the fade time, but the fade time is so small that the error
introduced is not significant. For practical system design, the fade time for the lower
attenuation levels is most important. The scaling was done on the data for the 30-60 s fade
duration interval for each frequency and it was found that the fade time at 20 and 30 GHz
when divided by 6.4 and 11.8 respectively gave fade times which were very close to the
fade time for the 12 GHz (for the 30-60 s fade duration interval) beacon which was used
as the reference.

We are now at the stage that the fade time at any frequency, and any attenuation

level can be calculated for the fade duration interval of 30 to 60 seconds. Figs 5.34

110



through 5.36 compare the measured fade times for the 12, 20, and 30 GHz with those
derived from (5.5)

The next and the final step in the model construction is to find a means of
normalizing all the fade durations bins to the 30 to 60 seconds fixed bin and thus calculate
FT, the fade time as a function of frequency, attenuation level, and fade duration interval
Two different schemes have been implemented as discussed below.

The first scheme finds the scaling factors for the different FD intervals and
tabulates them.. After the fade time, FTg for the basic fade duration interval has been
calculated from equation 5.5 the conversion to the desired bin can be made with the help
of Table 5.15, which shows the scaling factors that have to be used for conversion to the
different fade duration intervals. By the basic fade duration interval we mean the 30 to 60
second interval at the given frequency. For example if we want to find the fade time at 30
GHz for the fade durations from 120 to 300 seconds, we will first calculate the time for
the 30 to 60 second fade duration interval at 30 GHz and then use Table 5.15 to scale this

fade time by 6.72.

Table 5.15 Scaling ratios for different fade duration intervals relative to the 30-60 sec fade
duration interval which is normalized to a value of 1 at each frequency. f, for the 30-60
sec. fade duration interval.

Frequency (f) GHz
FD Interval 12 20 30
30-60 sec. 1 1 1
60-120 sec. 2.18 2.80 2.29
120-300 sec. 493 5.86 6.72
300-1200 sec. 9.90 12.77 15.69
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In the second scheme different fade duration intervals and the corresponding
scaling ratios are both used in one equation. It is seen from Table 5.15 that the scaling
factors for the same intervals at different frequencies are totally different (except for the
reference bin which is 1 at all the frequencies). This makes FD interval scaling a two
independent variable problem.

This difficulty can be overcome by scaling the logarithm of the fade time using the
following procedure.

After the fade time, FTg, at the desired frequency and for the fade duration interval

of 30-60 sec has been calculated from (5.5), the logarithm of FTg denoted as FT,, is

determined,

FT, = log,,(FT,) (5.6)
The total fade time, FT, is then obtained from (5.7)

FT=10"" (5.7)
where r depends on the fade duration interval of interest. Using regression analysis, it was
found that the different fade duration intervals (60-120 s, 120-300 s, and 300-1200 s) had
the ratios of 1.1, 1.25, and 1.35 respectively, relative to the 30-60 s fade duration interval,
which is used as the reference and has a ratio of 1. These fade duration interval scaling

ratios are defined as, r, and are given by the following relationship

r=0.887 + 0.002¢ - 8.235x10-6¢2 (5.8)
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where c is the starting time in seconds of the FD interval. For example for the interval 30-
60 seconds, c is 30 while for the FD interval of 120-300 sec, ¢ is 120. The values of, r, are
the same at all the frequencies for a given fade duration interval.

To examine the effect of scaling for different fade duration intervals relative to the

30-60 sec FD interval, Fig 5.37 to 5.39 compare F7,,, with F_T,2= (logFTp)/r (which is the

downscaled log of fade time) at 12 GHz for FD intervals of 60-120 sec, 120-300 sec, and

300-1200 sec, respectively. Here FT,, is the logged fade time for the 30-60 s fade
duration interval at 12 GHz and FT,is the logged fade time at the 12 GHz for the

remaining three fade duration intervals after being scaled down by the appropriate fade
duration interval scaling ratios, r. It is observed that the agreement between the two
curves in each figures is good, indicating that the model can accurately predict the fade

time for any FD interval.

5.3.2 Proposed Two Part Prediction Model

A simpler approach to the model can be taken by breaking the model into two
parts. It was seen that most of the data between 3 to 6 dB can be approximated by a linear
equation and that from 7 dB onwards can be broken down into another linear function.
This two part model would be simpler to use. Linear regression for the two ranges of

attenuation levels gives equations 5.9 and 5.10.

FTq, = 173413.6 - 58275.9A + 5131.3A2 {3<A<6) (5.9)

FTy, = 11561.6 - 915.7A + 14.8A2 {A>6) (5.10)

where FT 7 and A are as defined for equation (5.3)
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Using the above two equations instead of equation 5.3 and developing the model further
as was done for the previous model, the fade time, FT, can be calculated by equations 5.13

and 5.14.

FT¢=-8.899 + 0.915f - 0,008 {2 (173413.6 - 58275.9A + 5131.3A2)  (5.11)

{3<A<6}
FTy=-8.899 + 0.915f - 0.008 {2 ( 11561.6 - 915.7A + 14.8A2) (5.12)
{A > 6}
FT=10"" (5.13)

where FTg, FT, 1, and F_Tf are as defined in the previous section

Table 5.16 defines some of the terms used for the prediction model proposed in

section 5.3.1.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

Measured fade and inter-fade duration statistics were presented for the
OLYMPUS 12, 20, and 30 GHz beacons. Both monthly and annual statistics were
examined. The results were presented in the form of tables and graphs. Using these results,
a model was developed for predicting the fade time for specified fade level, frequency, and

fade duration interval.

e A survey of the mechanisms and effects of the various propagation phenomena that
cause signal impairments was done in chapters 2 and 3.

o The results of the previous experiments on fade and inter-fade durations were also
reviewed in chapter 3.

e Chapter 4 gave a brief description of the OLYMPUS experiment at Virginia Tech,
Blacksburg, Virginia.

o Tables 5.2 to 5.13 for the monthly and annual statistics were constructed according to
the CCIR recommendations, using the attenuation levels of -3, -1, 0, 1, 3, 5, 10, 15,
20, and 25 dB and fade durations equal to or exceeding 1, 6, 10, 20, 60, 600, and
3600 sec. These tables provide concise information about fades and inter-fades at a
glance. They give the number of fade/inter-fade events, the time for fade /non-fade

events, and the percentage of the total time that these fades/inter-fades lasted.
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Figures 5.1 to 5.24 for both the number of fades/non-fades and the time that these
fades were equal to or exceeded any fade duration at the threshold levels of 1, 3, 5, 10,
15, and 20 dB were also presented. Examination of these figures showed that the
higher the threshold level the fewer the number of fades/non-fades and the shorter the
time for which they exceed a specified fade/inter-fade duration. The number of fade
and fade duration times also decrease with increase in the fade duration exceeded. The
time exceeding these fade/inter-fade durations does not however decrease as rapidly as
do the number of fades/non-fades.

The total number of fade and inter-fade events differ by at most a value of one. The
distributions of the fades and inter-fade events do not however reveal a direct
relationship. The number of fades equal to or exceeding any fade duration do not give
precise information on the number of inter-fade events equal to or exceeding the same
or any other fade or inter-fade duration.

The fading behavior did exhibit seasonal dependencies. The number of fades (and
consequently the fade time) was much higher for the months of May through August
with peaks for the months of March and December. Comparison with the data
collected for rain showed that the months of March and December had high rainfall
and this accounts for the abnormally high fade activity for the non-summer months of
March and December. It is however the rain rate and not the rainfall accumulation that
actually effects the depth and duration of fades. The other months showed much less
fade activity than the summer months and the two months of March and December.
The proposed fade duration model predicts the fade time for fade duration intervals of
30-60 sec, 60-120 sec, 120-300 sec, and 300-1200 sec, for fade levels of 2-18 dB, and
for any of the three beacon frequencies used in the experiment. The predicted fade

times agree well with those obtained from the actual data collected. A simpler two part
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model is also proposed but it needs to be further scrutinized for its accuracy and

reliability.

Recommendations for Future Work

The model presented in this thesis was developed using one year of data. The
model needs to be tested and improved using data collected for more years. Furthermore,
the effect of elevation angle and the influence of different rain regions need to be
incorporated into the model before it can be confidently used to predict fade times at other

sites.
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