CHAPTER 1
INTRODUCTION

The satellite communications industry is currently in the
process of a “frequency evolution", moving from the frequency bands
that have been in use for decades, C-Band, X-band, SHF, etc., to the
hi gher allocated bands above 10 GHz. These new bands, designated as
Ku band (12-18 GHz), K, band (27-40 Ghz), and knr (3(1-300 Ghz), offer
wi der bandw dt hs, higher data rates, and smaller component sizes, as
wel | as vastly inproved anti-jam performnce for secure
communications applications.

The advant ages of these bands can be offset very quickly
however, by the realities of i ncreased propagati on problens as the
frequency of operation is increased. Attenuation caused by rain in
the path can be a serious problem and careful design and adequate
“rain margins” are essential for successful system performance.

There are ot her propagati on nmechani sns affecting Earth-space
communi cations performance that are al so of concern to the systens
desi gner and planner. These include gaseous attenvation; cloud and
fog attenuation; rain and ice depol ari zation; anplitude phase, and
angle-of-arrival scintillation; and sky noi se.

The purpose of this Handbook is to provide, in one complete
reference source, the |atest information on critical propagation
effects and how they impact communications system design and
per f or mance. NASA, who has supported a large part of the
experinments] work in radiowave propagation on Space Communications
i nks, recognized the need for a reference handbook of this type,
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and initiated a program in the late 1970's to devel op and update a
docunent which will meet this need. This present publication is the
fourth edition of the NASA Handbook which focuses on propagation
effects from110 to 100 GHz. A conpani on handbook (Fl ock-1987)

covers propagation effects on satellite systens at frequencies bel ow
10 GHz.

1.1 OVERVI EW OF THIS BOOK

The NASA Propagation Effects Handbook for Satellite Systens
Design provides a concise sunmmary of the najor propagation effects
experienced on earth-space paths in the 10 to 100 GHz frequency
range. The dom nant effect-- attenuation due to rain--is dealt with
in sone detail, in terns of both experimental data from measurenents
and the mathematical. and conceptual nodels devised to explain and
predict the data.

Ot her effects such as clear air attenuation and depol ari zati on
are also presented. The estimation of depolarization due to rain
and ice has not been developed to the degree required for preparing
good design estimates for satellite systenms. Therefore, a
conpr ehensi ve chapter on depol ari zation has been included that
attenpts to consolidate the work of several investigators in this
ar ea.

The Handbook has been arranged in two parts. Chapters 11
through V conprise the gescriptive part. They deal in sone detail
with rain systems, rain and attenuation nodels, depolarization, and
experinental data. This descriptive part of the Handbook is
i ntended to provi de background for system engi neers and pl anners who
want nore detail than that presented in the later design chapters.

Chapters vI and VIImakeup the design part of the Handbook and
may be used al nost independently of the earlier chapters. In
Chapter VI, the design techni ques recommended for predicting
propagati on effects in earth-space communications systens are .
presented. Sone sel ection has been nade from alternative models in
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order that only one design technique be utilized. This selection
was nmade based on the ability of the technique to model the
experinmental . results. The chapter includes step-by-step procedures
for using the prediction nodels and numerous exanpl es.

Chapter Vil addresses the questions of where in the system
design process the effects of propagation should be considered, and
what precauti ons shoul d be taken when applying the propagation
results. The unadvi sed use of propagation results in the link
margin can result in overdesign. This chapter bridges the gap

between the propagation research data and the classical |ink budget
anal ysis of earth-space conmunications system  ‘This chapter
presents generalized design procedures, and illustrates their use

t hrough extensive exanples.
102 OVERVI EW OF PROPAGATI ON EFFECTS

The troposphere, and the hydronmeters (rain, snow, cloud
droplets, etc.) it contains, can inpair satellite comunication
l'i nks using the bands above 10 GHz in four ways:

Amplitude Reduction

The anplitude of the received signal is reduced fromthe "free-
space” value through absorption and/or scattering by oxygen, water
vapor, rain drops, and cloud and fog droplets. O these, oxygen
absorption in the 55-65 GHz band has the l|argest effect.

Attenuation in this band is so great as to nmake Earth-space

communi cation (at |east fromthe surface) virtually inpossible. At
frequenci es bel ow the oxygen absorption band, water vapor becomnes
the nmost promnent attenuating gas. It causes a weak absorption
peak (generally less than 1 @B on a vertical path, depending on

hum dity) in a band around 22 GHz. Both gases al so cause appreciable
attenuation above the oxygen band. Aside from oxygen absorption
around 60 GHz, the greatest attenuation effect cones from rainfall.
Because of its severity and unpredictability, rain attenuation
rightly receives the nost attention in the satellite system design
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process for frequencies above 10 GHz. (Accordingly, it also
receives the nost attention in this Handbook. ) Attenuation due to
clouds is relatively mnor conpared to that of rain, but it is
normal |y present for a nuch larger percentage of the tine. | t
shoul d be considered in systens operating above about 30 GHz, in

| ocations where heavy rain is rare but cloudiness is conmon. Fog
attenuation is not normally of concern in satellite systens because
fog layers are relatively thin and do not usually occupy very much
of the propagation path.

Thermal Noi se | ncrease

El ementary physics tells us that anything that absorbs
el ectromagnetic energy radiates it as well. The energy radiated by
the tropospheric absorbing nedia (oxygen, water vapor, rain drops,
etc.) 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 - indistinguishabl.e from the
thermal noise generated in the receiver front end. The effect of
the received noise energy is accounted for by adding a “sky noise”
tenperature to the Earth station receiver noise tenperature. This
sky noise tenperature turns out to be related to the attenuation
that the absorbing medium produces. Disregarding extraterrestrial
sources such as the sun, sky noise tenperature is zero when the
attenuation is zero, and it asynptotically approaches the physical
temperature of the medium as the attenuation becomes large. The
effect of the thermal noise increase on system performance is to
reduce the downlink carrier-to-noise ratio, which has exactly the
same effect as an anplitude reduction on the downlink. However
because the thernmal noise increase is additive, the magnitude of the
effect depends greatly on the Earth station noise tenperature in the
absence of sky noise. For exanple, a 100°K sky noise contribution
(corresponding to about 2 dB of rain attenuation) would produce a
signal -to-noise ratio degradation of 3 @B if the system noi se
tenperature was 100°K without rain, but the sane sky noise
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contribution would be negligible if the Earth station noise
tenperature started out at 1000°K.

Interference |ncrease

Systems that enploy orthogonal polarizations to reuse the
spectrum are subject to self-interference through crosstalk between
the oppositely-polarized channels. The degree of self-interference
is established by satellite and Earth station antenna performance,
and by the depolarizing effects of rain drops and ice crystals in
the path. Rain depolarization increases with rain rate and
frequency and is well-correlated with rain attenuation
Depol ari zation from high-altitude ice clouds is nornally associated
with thunderstorns but can occur in the absence of rain attenuation:
The effect of depolarization on the conmunication channel depends on
the type of nodul ation used. For exanple, a given degree of
depol arization will produce a greater increase in bit error rate on
a digital link using QPSK than it would with BPSK.  The effect of
depol arization interference is fundamentally different from the
anplitude reduction or noise increase propagation 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. Crosspolarization can be
reduced, however, by enploying a special adaptive rotation network
on the antenna feed. Another type of interference that can be nade
worse by propagation effects is intersysteminterference. Rain can
cause scattering of electromagnetic energy out of the |ine-of-sight,
resulting in increased | eakage of uplink power into the receive beam
of an adjacent satellite, or between terrestrial line-of-site
systems and |lowangle Earth station antennas.

Signal Mbdul ati on

Earth stations operating at |ow el evation angles are subject to
scintillation caused by tropospheric turbulence. This consists of
fast random fluctuations in the anplitude and phase of the signal
The effects of scintillations on the channel depend on the type of
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modul ation used and the receiver AGC performance. The power
spectrum of the fluctuation falls off quickly with increasing
frequency, so the effects should be expected to be primarily brief
signal drop-outs or losses of synchronization, rather than any
actual nodul ation of the information-carrying waveforns.

Propagation inpairnments are dependent on the foll ow ng:

Qperating Frequency. Wth the exception of signal attenuation by
gaseous absorption lines, the severity of tropospheric inpairments
I ncreases wth frequency.

Antenna El evation Angle and Polarization. The length of the part of
t he propagati on path passing through the troposphere varies
inversely with elevation angle. Accordingly, propagation |osses

noi se, and depol ari zation also increase wth decreasing el evation
angle. Rain attenuation is slightly polarization-sensitive.
Depol ari zation is also polarization-sensitive, with circul ar

pol ari zati on being the nmost susceptible.

Earth Station Altitude. Because |less of the troposphere is included
in paths fromhigher altitude sites, inpairnments are |ess.

Earth Station Noise Tenperature. This determnes the relative
contribution of sky noise tenperature to system noi se temperature,
and thus the effect of sky noise on the downlink signal-to-noise
ratio.

Local Meteorology. The anpbunt and nature of the rainfall in the
vicinity of the Earth station are the primary factors in determ ning
the frequency and extent of npbst propagation inpairments. Rain-
caused inpairnents depend on the rate of rain fall, so how the rain
tends to fall (thunderstorns versus steady showers) is as inportant
as the cunul ative anmount of rainfall. The type and extent of cloud
cover, and local humidity characteristics are other meteorological
factors that determ ne the magnitude of propagation inpairnents.

Figure 1-1 shows them magnitude and variation of three
si gni ficant tropospheric propagation effects: rain attenuation, sky
noi se due to rain, and rain depolarization. These are presented in
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ternms of their estimted exceedance statistics. The curves give the
approxi mate percentage of an average year in which the magnitude of
the effect exceeds the value given on the horizontal axis. The
first plot gives rain attenuation for three frequencies: 14, 20 and
30 GH. The second plot shows the signal-to-noise ratio degradation
caused by rain attenuation and the acconpanying sky noise increase.
This is shown for 30 GHz, with three values of Earth station
receiver noise tenperature. The third plot is the cross-

pol ari zation isolation (XPI), assum ng that the antenna’s axi al
ratiois 0.4 dB. XPl is the ratio of the power received in one of
the polarization channels to the “cross talk” power fromthe
opposi tel y-pol ari zed channel. The plot also gives, for tw digita
nmodul ati on schemes, the reduction in signal to noise density ratio
that would have an effect on bit error rate equivalent to that of
the cross-polarized interference.

The predictions shown in Figure 1-1 were derived using the
procedures presented in this Handbook. The rain attenuation
statistics were conputed using the G obal Mdel, followng the steps
outlined in Section 6.3.2. The thermal noise increase due to rain
was conputed using the fornmula given in Section 6.7.4. The
depol ari zation curve was based on what is known in this Handbook as
the "CCIR Approximation,” which is presented in Sections 4.3.2 and
6.6.2. The correspondence between depolarization and equival ent
degradation for BPSK and QPSK uses the results of Prabhu (1969).

This brief overview has been intended to introduce the system
designer to the range of tropospheric effects to be expected on
earth-space |inks operating at frequencies above 10 GHz so that he
or she may nore effectively use this Handbook. Qther references
relating to the general area of radiowave propagation effects
i nclude (Ippolito, 1981) (Ippolito, 1986), the |EEE Proceedings on
Antennas and Propagation, and Radio Science. An excellent
bi bli ography is also available (Dutton and Steele - 1982) for those
seeking further general (or specific) literature.
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Figure 1-1. Predicted Propagation Inps irments
for Washington, D.C.., at sea level, Elevation Angle = 45.4°
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