CHAPTER v1

PREDI CTI ON  TECHNI QUES

6.1 | NTRODUCTI ON
6.1.1 Purpose

This chapter provides a guide to prediction methods and rel ated
propagation results for the evaluation of earth-space paths

operating above 10 GHz. The topics covered are:
Gaseous Attenuation
Rain Attenuation
Coud, Fog, Sand and Dust Attenuation
Signal Fluctuations and Low Angle Fading
Depol ari zation Effects
Bandwi dt h Coherence
Sky Noi se

The techni ques described here have been devel oped fromrecent
ongoi ng NASA supported studies and fromthe relevant published
literature. These techniques represent the state of know edge of
the adverse effects of the earth’s atmosphere on reliable earth-
space transm ssions above 10 GHz.

This chapter provides propagation data in a format suitable for
use by earth-space |ink system designers operating in the frequency
range from 10 to 100 GHz. In this frequency range the troposphere
can have a significant effect on the carrier-to-noise ratio of a
propagating wave. Typically, the troposphere attenuates and
depol ari zes the carrier signal and adds broadband anplitude and
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phase noise to the signal. The resulting carrier-to-noise ratio
reduction reduces the allowable data rate for a given bit error rate
(digital systems) and the quality of transm ssion (anal og systens).
In the nost severe cases the mediumw || significantly attenuate the
carrier and destroy the transm ssion capabilities of the link
(termed a 1link outage). The frequency of occurrence and average
outage time per year are usually of mpst interest to system
designers. Propagation studies to date now allow the predictions to
be made with a high degree of certainty and have devel oped nmeans to
reduce the frequency and length of these outages.

6.1.2 Organi zation of This Chapter

The remai nder of this chapter is arranged in six relatively
I ndependent sections covering the key topics related to the
interaction of the troposphere and earth-space propagation paths.
Each section presents a description of selected techniques and
provi des sanpl e cal cul ations of the techniques applied to typical
comuni cations systems paraneters. A guide to the sanple
cal cul ations is given in Table 6.1-1.

6.1.3 Frequency Bands for Earth-Space Comunicati-on

Wthin the guidelines established by the International
Tel ecommuni cation Union (I1TU) for Region 2 (includes U S. and
Canada), the Federal Conmunications Conmission (FCC) in the U S. and
t he Department of Communications (poc) in Canada regul ate the earth-
space frequency allocations. In nost cases, the FCC and DCC
regul ations are nore restrictive than the 1 TU regul ations.

The services which operate via earth-space links are listed in
Table 6.1-2. The definitions of each of these services are given in
the I TU Radio Regul ations. The specific frequency allocations for
these services are relatively fixed, but nodifications can be
enacted at world Adm nistrative Radio Conferences based on the

proposal s of |ITU nenber countries.
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Table 6.1-1. Quide to Sanple Calcul ations

Par agr aph o Page
Nunmber Description Number
6.2.4 Rel ative hum dity to water vapor density 6- 16
conversi on
6.2.5 CGaseous Attenuation cal culation 6- 16
6.3.2.2 Cumulative rain attenuation distribution 6- 29
using the G obal Mdel
6.3.2.4 Cunulative rain attenuation distribution 6- 35

using the ccir Model

6.3.3.2 Cumulative rain attenuation distribution 6-41
by distribution extension

6.3.5.1 Fade duration and return period 6- 50
6.4.3.3 Estimation of fog attenuation 6- 72
6.5.6.1  Variance of signal anplitude fluctuations 6- 101
6.5.6.2 Phase and angl e-of-arrival variations 6- 103
6.5.6.3 Received signal gain reduction 6- 103
6.6.2.1.1 ccir Approximation for rain depolarization 6- 106
6.6.3.3 CCIR estinmate for ice depolarization 6-119
6.6.5 Prediction of depolarization statistics 6- 122
6.7.3.2 Goup delay and phase del ay 6- 131
6.8.3 Sky noi se due to clear sky and rain 6- 136
6.8.5 Sky noi se due to clouds 6- 139
6.9.2 Uplink Noise in Satellite Antenna 6- 343

A review of the Radio Regulations indicates that nost of the
frequency spectrum above 10 GHz is assigned to the satellite services
or the radio astronony service. This does not nmean that the FCC or
DOC will utilize themas such, but it does highlight the potential for
use of these frequency bands. Figure 6.1-1 shows those frequency
segnents not assigned for potential use by the services listed in
Table 6.1-2 (1TU-1980).
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Figure 6.1-1. Frequencies Not Allocated Primarily for Earth-Space
Transm ssions in Region 2

Table 6.1-2.  Tel ecommuni cation Services Utilizing
Eart h- Space Propagation Links

Fixed Satellite

Mobile Satellite
Aeronautical Mbile Satellite
Maritime Mbile Satellite
Land Mobile Satellite
Broadcasting Satellite

Radi onavi gation Satellite
Earth Exploration Satellite
Meteorol ogical Satellite
Amateur Satellite

Standard Frequency Satellite
Space Research

Space Qperations

Radi 0 Astronony
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6.1.4 Qther Propagation Effects Not Addressed in This Chapter

6.1.4.1 lonospheric Effects. The ionosphere generally has a snall
effect on the propagation of radio waves in the 10 to 100 GHz range,
What ever effects do exist (scintillation, absorption, variation in
the angle of arrival, delay, and depolarization) arise due to the
interaction of the radio wave with the free electrons, electron
density irregularities and the earth’s magnetic field. The density
of electrons in the ionosphere varies as a function of geonmagnetic

| atitude, diurnal cycle, yearly cycle, and solar cycle (anong
others). Fortunately, nost US. ground station-satellite paths pass
through the mdlatitude electron density region, which is the nost
homogeneous region. This yields only a small effect on propagation
Canadi an stations may be affected by the auroral region electron
densities which are normally nore irregular. A nore conplete

di scussion of the effects is included in Report 263-6 of ccir Vol ume
VI 1986a) .

A mean vertical one-way attenuation for the ionosphere at 15 G
for the daytime is typically 0.0002 dB (Millman-1958), the anplitude
scintillations are generally not observable (Crane-1977) and the
transit tine delay increase over the free space propagation tine
delay is of the order of 1 nanosecond (Klobuchar-1973). Cearly for
nmost systens operating above 10 GHz these nunbers are sufficiently
smal | that other system error budgets will be nuch larger than the
I onospheric contributions.

The one ionospheric effect which mght influence w de bandw dth
systens operating above 10 GHz is phase dispersion. This topic is
di scussed in Section 6.7.

6.1.4.2 Tropospheric Delays. Hghly accurate satellite range,
range-rate and position-location systems will need to renove the
propagation group delay effects introduced by the troposphere.
Extremely high switching rate TDVA systens require these
corrections. The effects arise primarily due to the oxygen and
water vapor in the |ower troposphere. Typical total additiona
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propagation delay errors have been measured to be of the order of 8
nanoseconds (Hopfield-1971).

Estimation techni ques, based on the measurement of the surface
pressure, tenperature and relative humdity have been devel oped
(Hopfield-1971, Bean and Dutton-1966, Segal and Barri ngton-1977)
which can readily reduce this error to less than 1 nanosecond. In
addition, algorithms for range (Marini-1972a) and range-rate
(Marini-1972b) have been prepared to reduce tropospheric
contributions to satellite tracking errors.

Since this topic is quite specialized and generally results in
an additional one-way delay of less than 10 nanoseconds it is not
addressed further in this report. An overview of this subject and
additional references are available in CCOR Report 564-3 (1986b),
and Flock, Slobin and Smth (1982).

6.2 PREDI CTI ON OF GASEQUS ATTENUATI ON ON EARTH- SPACE PATHS

The nean attenuation of gases on earth-space paths in the 10t o0
100 GHz frequency range has been theoretically nodel ed and experi -
mental |y neasured. Above 20 GHz gaseous absorption can have a sign-
i ficant effect on a communication system design depending on the
specific frequency of operation. Because of the large frequency
dependence of the gaseous absorption, an earth-space communication
system desi gner should avoid the high absorption frequency bands.
Alternatively, designers of secure short-haul terrestrial systens
can utilize these high attenuation frequency bands to provide system
I sol ation.

6.2.1 Sources of Attenuation

In the frequency range from 10 to 100 GHz the water vapor
absorption band centered at 22.235 GHz and the oxygen absorption
lines extending from53.5 to 65.2 GHz are the only significant
contributors to gaseous attenuation. The next higher frequency .
absorption bands occur at 118.8 GHz due to oxygen and 183 GHz due to
wat er vapor. The absorption lines are frequency broadened by
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collisions at normal atnospheric pressures (low elevations) and
sharpened at high altitudes. Thus the total attenuation due to

gaseous absorption is ground station altitude dependent.

6.2.2 Gseous Attenuation

6.2.2.1 One-Way Attenuation Values Versus Frequency. The Zenith
one-way attenuation for a noderately hum d atnmosphere (7.5 g/m
surface water vapor density) at various ground station altitudes
(starting heights) above sea level is presented in Figure 6.2-1 and
Table 6.2-1. These curves were conmputed (Crane and Bl ood, 1979) for
tenperate |atitudes assumng the U S Standard Atnosphere, July, 45
N. latitude. The range of values indicated in Figure 6.2-1 refers
to the peaks and valleys of the fine absorption |ines. The range of
values at greater starting heights (not shown) is nearly two orders
of magnitude (Leibe-1975).

Table 6.2-1. Typical One-Wy Cear Air Total Zenith Attenuation

Val ues, Ac' (dB) (Mean Surface Conditions 21°c, 7.5 g/ nB Ha0; U S
Std. Atnobs. 4s5°n., July)

ALTI TUDE
Frequency
Okm* 0.5km 1.0km 2.0km 4.0km

10 G 0 053 047 042 033 .02
15 . 084 071 .061 044 023
20 .28 .23 .18 12 .05
30 .24 19 .16 .10 . 045
40 37 .33 .29 22 . 135
80 1.30 1.08 .90 .62 .30
90 1.25 1.01 .81 52 .22
100 1.41 1.14 .92 .59 .25

*1 km = 3281 feet

6-7



Figure 6.2-1 also shows two val ues for the standard deviation of
the clear air zenith attenuation as a function of frequency. The
| arger value was cal cul ated from 220 nmeasured at mosphere profiles,
spanning all seasons and geographi cal |ocations (Crane-1976). The
smal | er value applies after the mean surface tenperature and
hum dity have been taken into account by nmaking the
corrections given bel ow

6.2.2.1.1 Dependence on Gound Station Altitude. The conpensation
for ground station elevation can be done to first order by linearly
interpol ating between the curves in Figure 6.2-1. The zenith one-
way attenuation for typical ground station altitudes, found in this
way, IS tabulated in Table 6.2-1 for easy reference.

6.2.2.1.2 Dependence on Water Vapor Content. The water vapor
content is the nost variable conponent of the atmosphere.

Therefore, for arid or humd regions, a correction should be nade
based on the expected mean val ues of water vapor content when
utilizing frequencies between 10 and 50 GHz. This correction to the
total zenith attenuation is linearly related to the mean |ocal water
vapor density at the surface p :.

AAc ) = bp (Po=7.5 g/m3) (6.2-1)

where Aa, i s an additive correction to the zenith clear air
attenuation (given by Figure 6.2-1 and Table 6.2-1) that accounts

for the difference between the mean |ocal surface water vapor
density and 7.5 g/m3. The coefficient b is frequency dependent and

I's given by Figure 6.2-2 and Table 6.2-2 (Crane ana Bl ood, 1979).
The accuracy of this correction factor is greatest for sea |evel
al titude.

The US and Canadi an weat her services generally measure relative
humidity or the partial pressure of water vapor. The technique for
converting these values to p. is given in Section 6.2.5.
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Table 6.2-2. \Water Vapor Density and Tenperature
Correctlorl? Ooeffm%nts P

Vater vapor Density Tenperature
Frequency Correction Correction
(GHz) bg Ct
10 2. 10X 10-3 2.60 X 10°¢
15 6.34 x10° 4.55 x 104
20 3.46 x10° 1.55 x 10-3
30 2.37 x10° 1.33 x 10-3
10 2" 75x 10 1097 x 10-3
80 9*59 x 102 5.86x 10
9 1.22 x 107} 5.74 x 10-3
100 1,50X 10-1 6.30 x10-3
SELECT:
FREQUENCY
GROUND STATION ALTITUDE
SURFACE WATER VAPOR DENSITY B/ma), COMPUTE
OR SURFACE RELATIVE HUMID/
SURFACE TENPERATUAL, T Cr e I FIGURE 0 52
4
DETERMINE ZENITH ATTENUATION COMPUTE
A FOR 7.5 g/m?H,0 -ANO ZI°C AS . A+ BAgy + BAcy
AT QIVEN ALTITUDE USING
FIGURE 6.2-1 OR TABLE s2.1
1
COMPUTE COMPUTE
8Acy = (b XPg ~ 7.5 gimd) Ac = A escd
bp OWEN IN FIQURE 6.2-2.
Po MAY BE COMPUTED FROM WEATHER
DATA - SEE SECTIONS.2-5.
DETERMINE STANDARD DEVIATION o FOR
OPERATING FREQUENCY FROM FIGURE 8.2-1.
oo et

Figure 6.2-3. Technique for Conputing Mean Clean Air Attenuation
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6.2.2.1.3 Dependence on Surface Tenperature. The mean surface
tenperature TO also affects the total attenuation. This relation
(Crane and Blood, 1979) is also linear:

ARc2 = cr (21° -TO (6.2-2)
where TO is mean local surface tenperature in ‘C

Ac2 IS an additive correction to the zenith clear air attenuation.
Frequency dependent values for cr are given in Figure 6.2-2 and Table
6.2-2. As with water vapor correction, the accuracy of this factor
decreases with altitude.

6.2.2.1.4 Dependence on Elevation angqle. For elevation angles
greater than 5 or 6 degrees, the zenith clear air attenuation ACis
mul tiplied by the cosecant of the elevation angle 9. The tota
attenuation for arbitrary elevation angle is

Ac = Ac' Csc © (62'3)

The standard deviation (see Figure 6.2-1) also is multiplied by the
csc 6 for arbitrary elevation angles.

6.2.3 Estimation Procedure For (Gaseous Attenuation

The ccir has devel oped an approxi mate nethod to calculate the
medi an gaseous absorption | oss expected for a given value of surface
wat er vapor density, (CCIR-1986a). The nethod is applicable up to
350 GHz, except for the high oxygen absorption bands.

| nput paranmeters required for the calculation are:

s - frequency, in G&
@ - path elevation angle, in degrees,

he - height above mean sea level of the earth terminal, in km,
and

P, - Water vapor density at the surface, for the |ocation of
interest, in g/nB
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If e, is not available from |ocal weather services,
representative median val ues can reobtained from CCR Report 563-3
(CCIR-1986C).

The specific attenuation at the surface for dry air (P =
1013 mb) i s then determined from

- 3+ 6.09 4.81 2 x 10 dB/k
Y, [7.19x 10 740227 '(r - 57)°+ 1.50 1 /km
for £ <57 GHz (6. 2-4)
= -7 0.265 0.028 ‘
Y, = [ 3.79 X 1077 f + e TEY T e i 1

(£ + 198°x 1 0° d&B/km

for 63 < ¢ < 350 G

[ The application of the above relationships in the high oxygen
absorption bands (50-57 GHz and 63-70 GHz) nmay introduce errors of
up to 15% More exact relationships are given in CCIR Report 719
(CCIR-1986d)]).

The specific attenuation for water vapor, ¥.is found from

3 9
= . + >
Y [ 0.067 (f -22.3)°+ 7.3 "(f - 183.3)°+ 6
4.3 £ +  dB/k 6.2-5
YUl r ol w0 /km - (8.2°9)

for £ <350 G

The above expressions are for an assuned surface air tenperature of
15°C. corrections for other tenperatures wll be described |ater
Al'so, the above results are accurate for water vapor densities |ess
than 12 g/m3. [For higher water vapor density val ues, see CCIR
Report 719 (ccir-1986d), and the following.]

An algorithm for the specific attenuation of water vapor which
includes a quadratic dependence on water vapor density and allows
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val ues of water vapor densities >12 g/m3, has been proposed by
G bbons (1986) and provisionally accepted by the CCIR (1988),

- 3.6 10.6
Ve o 00080 T 0002 T TT22)% 8.5 (T~ 183.3)7+ 9.0
8.9 £ 10-*  aB/km
“(f -325.4)+ 26.31 v

(6. 2-6)

for T = 15°C and f ¢ 350 GHz.

G bbons finds Eq. (6.2-6) to be valid within about * 15% over
the range of », fromOto 50 g/m3. However, in applying Eg. (6.2-6)
with water vapor densities greater than 12 g/nB it is inportant to
remenber that the water vapor density may not exceed the saturation
value p at the tenperature considered. This saturation value nmay be
expressed as (Gibbons, 1986),

(10 - 252,

p, ~ 17.4(*)1 0 g/m’ (6.2-7)

where T is the tenperature in ‘K

For tenperatures in the range -20°C to +40°C G bbons proposes a
tenperature dependence of -1.0%per ‘Cfor dry air in the w ndow
regions between absorption lines and -0.6% per °C for water vapor.
The correction factors are therefore

Y. =,(15 °c)[1 - 0.01(T, 15)] (6.2-8)
Y, = 7,(15°)[1 - 0.006(T, - 15)] (6.2-9)

w

where To is the surface tenperature in ‘C
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The equival ent heights for oxygen, &, and water vapor, h,, are
determ ned from

h =6 xm for £ <57 Gz

(6. 2-10)

40 xm for 63 < 5 < 350 GHz

° (f - 118.7)"+ 1

1 1
[ (f - 22.3)'+ 3 ¥ (f - 183.3)°+ 1 * (f- 323.8)°+ 1 1
for f ¢ 350 GHz (6.2-11)

The total slant path gaseous attenuation through the atnosphere, 4.
I's then found.

For 6 > 10°: kg
h A
Ae = e SiT g T dB (6.2-12)
For 8 < 10°:
y, ho v, &, _
e = i) g () aB (6.2-13)
with
g(h) = 0.661x + 0.3394 ¥ + 54575 (6.2-14)
h
K= N sin@  + 4a5g (6. 2-15)

where » is replaced by », or &, as appropriate,.
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The above procedure does not account for contributions from
trace gases. These contributions are negligible except in cases of
very |ow water vapor densities (<1 g/m3) at frequencies above about
70 GHz.

6.2.4 Conversion of Relative Humidity to Water Vapor Density

The surface water vapor density p (g/m3) at a given surface
temperature TO may be found fromthe ideal gas |aw

p. = (R.H.) e/RT, + 373) (6. 2-16)

0

where R.H. is the relative hum dity, es (N/m2) iS the saturated
partial pressure of water vapor corresponding to the surface
tenperature T,(°C) and Ry = 461 joule/kgk = 0.461 joule/gk. A plot
of eg in various units is given in Figure 6.2-4. For exanple, wth

R.H. 50% = 0.5

To = 20°c

es =2400n/m2 at 20°C from Figure 6.2-4
t hen
p = 8.9 g/m’.

o]

The relative humdity corresponding to 7.5 g/nB at 20°C (68°F) i S
R.H. = 0.42 = 42%

6.2.5 A Sanple Calculation for Gaseous Attenuation

This section presents an exanple calculation for the total path
gaseous attenuation, using the CCIR procedure described in Section
6. 2. 3.

Assume the follow ng input parameters for a K band |ink:

Frequency, ¢ = 29.3 G&
Path El evation Angle, 6 38°
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SATURATED PARTIAL PRESSURE OF WATER VAPOR (psia)
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Figure 6.2-4. The Saturated Partial pressure of Water Vapor Versus Tenperature



hs = .2 km

Hei ght above nean sea |evel
7.5 g/m3

Surface water vapor density, Pw

Surface tenperature, TO = 20°C

Cal cul ate the specific attenuation coefficients for oxygen,

Step 1.
var from Equations (6.2-4) and (6. 2-6)

Yo @and for water vapor,
respectivelys;

0.01763 dB/ km (from £<57 GHz rel ationship)

Yo —
e = 0.0777 dB/ km
Step 2. Correct ¥ and ww for 20°c, using equations (6.2-8) and

(6.2-9) respectively;

0.01763 [1-0.01(20-15)] = 0.01675 dB/Km

Yo —
vo - 0.0777 [1-0.006(20-15)] = 0.07537 dB/Km
Step 3. Calculate the equivalent heights for oxygen, he, and for
wat er vapor, hy, from Equations (6.2-10) and (6.2-11) respectively;
ho =6km
h, = 2.258 km

sl ant path gaseous attenuation is determ ned from

Step 4. The total
Equation (6.2-8);

= [(0.018) (6)e-(0.21/(6) + (0.078) (2.258)1/sin (38)
= 0.1579 + 0.2764 = 004343 dB

The results show that the contribution from oxygen absorption is
0.1579 dB, and the contribution fromwater vapor is 0.2764 dB, for a

total of 0.4343 dB.

Ag
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6.3 PREDI CTI ON OF CUMULATI VE STATI STICS FOR RAIN ATTENUATI ON

6.3.1 CGeneral Approaches

6.3.1.1 Introduction to Cumulative Statistics. Cumulative
statistics give an estimate of the total time, over a |ong period,
that rain attenuation or rate can be expected to exceed a given
ampunt.  They are nornmally presented with parameter values (rain
rate or attenuation) along the abscissa and the total percentage of
tine that the paraneter value was exceeded (the “exceedance tine")
along the ordinate. The ordinate normally has a logarithmc scale
to nmost clearly show the exceedance times for large values of the
paraneter, which are often nost inportant. . Usually, the percentage
exceedance tine is interpreted as a probability and the statistica
exceedance curve is taken to be a cunulative probability
distribution function. Because of the general periodicity of

met eor ol ogi cal phenonena, cunulative statistics covering severa
full years, or like periods of several successive years, are the
most directly useful. (A technique exists, however, for extending
statistics to apply to periods greater than those actually covered.
This is described in Section 6.3.4.) Statistics covering single
years or periods woul d be expected to exhibit large fluctuations
fromyear to year, because of the great variability of the weather
In nost geographic regions, data covering ten years or nore is
usual ly required to develop stable and reliable statistics.

Cunul ative rain rate or attenuati on exceedance statistics al one
give no information about the frequency and duration of the periods
of exceedance. Rather, only the total time is given. The nature of
rain attenuation, however, is such that the exceedance periods are
usually on the order of minutes in length. Different phenonena
besides rain give rise to attenuation variations occurring on a time
scal e of seconds. These anplitude scintillations, as they are
called, are not considered in this section, but are discussed in
Section 6.5.
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6.3.1.2 procedures for Calculating Cunulative Rain Attenuation
Statistics. The system designer needs reliable cunulative
attenuation statistics to realistically trade off Iink margins,
availability siting and other factors. Needless to say, applicable
mllimeter-wave attenuation neasurements spanning many years sel dom
exi st. It is therefore necessary to estinmate statistics, using
whatever information is available

An estinmate of the rain attenuation cunulative statistics my be
determned in several ways. The optinumway depends on the anpunt
of rain and/or attenuation data available, and on the |evel of
sophistication desired. However, it is recommended that the
sinplest calculations be carried out first to provide an
approximation for the statistics and also to act as a check on the
results of nore sophisticated calculations.

The flow charts in Figures 6.3-1, 6.3-7 and 6.3-13 will assist
in applying selected calculation procedures. The steps are nunbered
sequentially to allow easy reference with the acconpanying
di scussions in Sections 6.3.2, 6.3.3 and 6.3.4. These are the
procedures given:

.Anal ytical Estimates using the dobal Mdel (Section 6.3.2
Figure 6.3-1). Requires only Earth station |ocation,
el evation angle, and frequency.

Anal ytical Estimtes using the ccir Mdel (Section 6.3.2,
Figure 6.3-7). Requires only Earth station |ocation,
el evation angle, and frequency.

« Estimates Gven Rain Rate Statistics (Section 6.3.3, Figure
6.3-1). Requires cunulative rain rate exceedance statistics
for vicinity of the Earth station |ocation, elevation angle,
and frequency.

Estimates G ven Rain Rate and Attenuation Statistics (Section
6.3.4, Figure 6.3-13). Requires attenuation statistics which
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GIVEN:

STATION LOCATION AND ELEVATION s;EP 5 L
ELECT K AND O
ELEVATION ANGLE PARAMETERS FOR
FREQUENCY OPERATING FREQUENCY
FROM TABLE 6.3-3
STEP 1 v
SELECT RAIN RATE
CLIMATEE REGION
FROM FIGURE 6.3-2
STEP 6 4
COMPUTE EMPIRICAL CONSTANTS
STEP 2 ] FOR EACH PERCENTAGE VALUE:
SELECT SURFACE POINT —0.17
Xx=23R "0
RAIN RATE DISTRIBUTION 3R,
FROM FIGURE .33 OR v = 0.026:003 inR
z2=38-06MR,
o STEP 3 U=1tn [xe¥2)y /2
(
'_N_, DETERMINE ISOTHERM HEIGHT H VERSUS STEP 7 l
LATITUDE AND PERCENTAGE OF YEAR
USING FIGURE 6.3-4 COMPUTE TOTAL ATTENUATION, A (dB) :
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Figure 6.3-1.

Anal ytic Estimate procedure for Cunulative Rain Rate and Attenuation Statistics
Using the Global Mbdel



may be for frequency and elevation angle different fromthose
needed.

6.3.1.3 Qther Considerations. Cenerally the yearly cumulative
statistics are desired. The worst-nonth or 30-day statistics are
sonetines al so needed, but are not derivable fromthe data presented
here. Wrst 30-day statistics are discussed in Section 6.3.7.

The attenuation events due to liquid rain only are considered
here. Liquid rain is the dom nate attenuation-producing

preci pitation because its specific attenuation is considerably
hi gher than snow, ice, fog, etc. The contribution of these other

hydroneters is estimated in later sections.

The cumul ative statistics are appropriate for earth-space paths
for geostationary or near-geostationary satellites with relatively
stable orbital positions. The nodifications required to devel op
statistics for loworbiting satellites is unclear because of the
possi bly nonuniform spatial distribution of rain events arising from
| ocal topography (lakes, mountains, etc.). However, if one assunes
these effects are of second-order, low orbiting satellites may
simply be considered to have tine-dependent elevation angles.

6.3.2 Analytic Estimates of Rain Attenuation from Location and Link
Paraneters

The follow ng analytic estinmation techniques provide reasonably
precise estimates of rain attenuation statistics. The first
technique is based on the nodified G obal Prediction Mdel (Crane
and Blood- 1979, Crane- 1980, 1980a). Only parts of the node
rel evant to the contiguous US and Canada, and el evation angles
greater than 10°, are presented here. The second technique uses the
CCI R Mbdel and is perhaps the sinplest prediction approach. Exanple
appl i cations of both techniques are given. The analytica
devel opments for the global nodel and the CCR nodel are presented
in Sections 3.4 and 3.6, respectively.
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The nodels require the follow ng inputs:

a) Ground station latitude, longitude and hei ght above nean sea
| evel

b) The earth-space path elevation angle

c) The operating frequency

6.3.2.1 Global Mddel Rain Attenuation Prediction Technique. Figure

6.3-1 gives the step-by-step procedure for applying the G oba
Mddel . The steps are described in detail below.

Step 1 - At the Earth termnal’s geographic latitude and

| ongi tude, obtain the appropriate climte region using Figure
6.3-2. For locations outside the Continental U S. and Canada
see Section 3.4.1. If long termrain rate statistics are
avail able for the location of the ground terminal, they should
be used instead of the model distribution functions and the
procedure of Section 6.3.3 should be enployed.

Step 2 - Select probabilities of exceedance (P) covering the
range of interest (e.g., .01, .1 or 1%). Cbtain the termna
point rain rate R (nmhour) corresponding to the selected val ues
of P using Figure 6.3.3, Table 6.3-1 or |ong term neasured
values if available.

Step 3 - For an Earth-to-space link through the entire
atmosphere, obtain the rain |ayer height fromthe height of the
0° isotherm (melting layer) Ho at the path latitude (Figure 6.3-
4). The heights wll vary correspondingly with the
probabilities of exceedance, P. To interpolate for values of P
not given, plot HO (P) vs Log P and sketch a best-fit curve.

step 4 - Obtain the horizontal path projection D of the oblique

path through the rain vol ume:

D HO-Hg . ¢ 5 10° (6.3-1)
: tané
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Figure 6.3-2.

Rain Rate Cinmate Regions for the Continental

U S. and Sout hern Canada
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Table 6.3-1. Point Rain Rate Distribution Values (mm/hr) Versus Percent of Year
Rain Rate is Exceeded
N RAIN CLI MATE REG ON tinutes| ours
of Vear Afop | e o o oD g | El F| G| m |vear | vear
0.001 28.5 45 |57.5 | 70| 78| 90| 108 | 126 | 165 ] 66 | 185 | 253 | s.26 [0.09
0. 002 21 34 44 54 | 62 12 89 | 106 | 144 | 51 | 157 [220.5 | 10.5 |0.18
0. 005 13.5 1 22 (285 35| 41 50 | 64.5 |80.5 | 118 | 34 |,20.5| 178 [ 26.3 [0.44
0.01 10.0 | 15.5 1 19.5 [23.5 | 28 |35.5 | 49| 63| 98123 | 9% | 147 | 52.6 [0.88
0. 02 7.0 |11.0 [13.5 | 16| 18| 24| 35| 48| 78| 15| 72 119 105 [1.75
0.05 40| 6.4 1 8.0 9.5 11 |45 22| 32| 52183 | 47 ] 86.5 | 263 [4.38
0.1 251 42| 52|61 7.2] 9.8]145 22 35 |5.2 32 64 526 18.77
0.2 1.51 2.8 3.4 40 (4.8 6.4 9.5 (145 21 [3.1 |21.8 | 43.5 | 1052 [17.5
0.5 0.7 L5 L9 23273652 7.8(10.6 |1.4 |12.2 | 22.5 | 2630 [43.8
1.0 0.4 LO0f| 13| L5181 22|30 4760107 80| 12.0 | 5260 [87.7
2.0 .11 0510708 L1 | 21519 29]02] 50| 5210520 | 175
5.0 0.0 02 03032500 00| 00]O05]00] 1.8] 1.2 [26298 | 438
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HO = HQ(P) = height (km of isothermfor probability P
Hg = height of ground termnal (km
6 = path elevation angle

A

Test D<22.5 km if true, proceed to the next step. If D222.5
km the path is assunmed to have the same attenuation value as for a
22.5 kmpath but the probability of exceedance is adjusted by the
ratio of 22.5 kmto the' path length:

New probability of exceedance, P =P

( _z%i_km) (6.3-2)

where D = path length projected on surface. This correction
accounts for the effects of traversing nultiple rain cells at |ow
el evation angles.

Step 5 - obtain the specific attenuation coefficients, k and a,
at the frequency and pol arization angle of interest, from Table
6.3-3. For frequencies not in the table, use logarithmc
interpolation for K and linear interpolation for a. The
subscript H colums are for horizontal |inear polarization and
the subscript V colums are for vertical linear polarization.
[For polarization tilt angles other than horizontal or vertical,
use the relationships on Figure 6.3-6, Step 4, to obtain K and
a) .

Step 6 - Using the R, values corresponding to each exceedance
probability of interest, calculate the enpirical constants X ¥,

Z and U using
X= 2.3 Rp "0.17 (6.3-4)
Y =0.026 - 0.03 in R (6.3-5)
1 =3.8- 0.7in R (6. 3-6)
U= [ln(XeY2)]/z (6.3-7)



Step 7 - 1f Z £ D, conpute the total attenuation due to rain
exceeded for P s of the time using

]

k R & |guzuq X0pYZ0  y0pYDU
p . .
cosb | UG Y@ Yo | §210° (6.3-8)

where A= Total path attenuation due to rain (dB)

k, a = paraneters relating the specific attenuation to rain rate
(from Step 5).

point rain rate

Rp

e el evation angle of path

D = horizontal path projection length (fromstep 4)
[f p< Z,

_ kROl [eUQD1
(6.3-9)
[f D= 0,06 = 90°,

A = (H - Hg)(K Rp2) (6.3-10)

This procedure results in an analytical estimate for the
attenuation, A exceeded for P percent of an average year. In€ use
of a programabl e calculator or computer for performng these
cal culations is highly recomended.

6.3.2.2" A sample_Calculation for the @ obal Nbdel The fol | ow ng

information is given for the Rosman, NC Earth Station operating with
the ars-6 satellite.

Earth station latitude :. 35°N
Earth station |ongitude: 277°E.

Earth station elevation: 0.9 km

6-29



Antenna el evation Angle: 47°
Operating frequency: 20 GHz

We wish to find an analytic estinmate for the cunul ative attenuation
statistics using the procedure of Figure 6.3-1

1. Select rain rate climate region for Rosman, NC
From Figure 6.3-2, Rosman is located in region bps.

2* Select surface point rain rate distribution:
From Table 6.3-1, region p; has the follow ng distribution:

3 Rp
0.01 63
0.02 48
0.05 32
0.10 22
0.20 14.5
0.50 7.8
1.0 4.7

3. Determne isotherm heighth:

From Figure 6.3-4, the follow ng isotherm height estinates apply
at 35° latitude.

2 H

0.01 4.4 km
0.1 3.75
1.0 3.2

By plotting these, the follow ng additional points may be
I nterpol at ed
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0. 02 4.2

0.05 3.95

0.2 3.55

0.5 303
4, Conpute D

Using 8 = 47° and H,~ 0.9 km we obtain

2 b

0.01 3.25 km
0.02 3.1
0.05 2.85

0.1 2.65

0.2 2.45
0.5 2.25
1.0 2.15

5, Select K and a:

The specific attenuation coefficients, K and a are selected
from Table 6.3-3 at 20 GHz, horizontal polarization.

K= 0.0751
a = 1.10

6. Conpute enpirical constants:

For example,

3 X Y 2z U
0.1 1.36 -0. 067 1.95 0. 091
0.2 1.46 - 00054 2.20 0.118

6-31



0.5 1.62 -0.036 2.57 0.153
7. Compute attenuation, A

we note fromstep 6 that at 0.2% D is greater than 2. This
also holds for percentages less than 0.1% Thus the formula of
Step 7 (a) is used to find the attenuation for %< 0.1

For %> 0.5, Dis less than zsothe formula of Step 7 (b)
applies. The attenuation values found in this way are plotted
versus percentage exceedance in Figure 6.3-5. The figure
includes statistics derived from20 GHz attenuation measurenents
made at Rosman with the ATS-6 over a6-nonth period.

6.3.2.3 CCR Mdel Rain Attenuation Prediction Techni que

This section presents the step by step procedure for application
of the ccir rain attenuation prediction nodel, described in detai
in Section 3.6. The procedure is outlined in Figure 6.3-6

step 1 Cbtain the rain rate, Rp.p1, €xceeded for 0.01% of an average
year for the ground termnal location of interest. If this
information is not available fromlocal data sources, an estinmate
can be obtained by selecting the climte zone of the ground term nal
| ocation fromFigure 6.3-7, and the corresponding rain rate val ue
for that climate zone from Table 6.3-2. (For locations not found on
Figure 6.3-7, see Figures 3.6-1 and 3.6-2).

[Inportant Note: The ccir rain clinmate zones are not the sane as
the climate regions of the Gobal Mdel described earlier. ]
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Table 6.3-2. Rain Rates Exceeded for 0.01% of the Tinme

Cimte| A B C D E F G H J K L M N P

Rat e 8 12 15 19 22 28 30 32 35 42 60 63 95 145

Step 2 Determne the effective rain height, hy, from

hy = 4.0

= 4.0 - 0.075 (¢- 0 < ¢< 6.3-11
(+ 36) > 36? 36° ( )
wher e (pis the latitude of the ground station, in degrees N or S,

Step 3 calculate the slant path 1length,Lss/horizontalprojection,
Lg, and reduction factor, rp, from

For © > 5°,
Lg = (h, - ho)/sin (O) (6.3-12)
Lg = Lg cos (O) (6.3-13)
rp (6.3-14)

1
T + 0.045Lg

where © is the elevation angle to the satellite, i n degrees, and ho
is the height above nean sea |level of the ground term nal location,
in km (For elevation angles |ess then 5°, see section 3.6).

Step 4 Obtain the specific attenuation coefficients, K anda, at the
frequency and pol arization angle of interest from Table 6.3-3. For
frequencies not on the table, use logarithmc interpolation for K
and linear interpolation for a. For polarization tilt angles other
than |inear horizontal or vertical, use the relationships on Figure
6.3-6, Step 4, to obtain K and a.

step 5 Calculate the attenuati on exceeded :->r 0.01% of an average
year from

Rp.0oy = K Ro.010 Ls T, (6.3-15)
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step 6 Calculate the attenuation exceeded for other percentage
val ues of an average year from

Ap = 0012 Ag,01p-(0.546 +0.043 log P) (6. 3-16)

This relationship is valid for annual percentages from 0.001% to
1. 0%

6.3.2.4 Sanple Calculation for the ccir Mbdel

In this section the CCOR model is applied to a specific ground
termnal case. Consider a termnal |ocated at Geenbelt, MD., at a
latitude of 38°N, and elevation above sea level of 0.2 km The
characteristics of the link are as follows:

Frequency: 11.7 GHz
El evation Angle: 29°
Pol arization: Circular

Step 1 Figure 6.3-7 indicates that the termnal is in clinmate zone
K, with a corresponding Re.oa f 42 nmh (Table 6.3-2).

Step 2 The effective rain height, fromEq (6.3-11), is
hy = 4.0 - 0.075(38 - 36) = 3.85

step_3 ‘I’'he slant path length, horizontal projection, and reduction
factor are determned fromEq.'s (6.3-12, -13, -14) respectively;

Ls =(3.85 - 0.2)(/sin(29°) = 7.53
Lg = (7.53)cos(29°) = 6.58

r = 1/[1 + (0.045)(6.58)] ~0.7711

p
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Step 4 The specific attenuation coefficients are determned by
interpolation from Table 6.3-3, wth a polarizaiton tilt angle of
45° (circular polarization);

K= 0.0163, a = 1.2175

Step 5 The attenuation exceeded for 0.01% of an average year, from
Eg. (6.3-15,1is;

Ap.o1 = (0.0163) (42)1.2175(7.53) (0.771 )
= 8.96 4B

step 6 The attenuation exceeded for other percentages is then
determned from Eq. (3.6-16);

% Attenuation (dB)
1.0 1.08
0.5 1.56
0.3 2.02
001 3.42
0.05 4. 67
0.03 5.80
0.01 8. 96
0. 005 11. 48
0.003 13. 65
0.001 19. 16

Figure 6.3-8 shows a plot of the resulting attenuation prediction
distribution, conpared with three years of neasured distributions
obtained with the CTS satellite (Ippolito 1979). The cCIR

prediction is seen to over-predict slightly for higher percentage

val ues, and to vastly under-predict for percentages bel ow about
0.01%
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STEP 4 {

STEP 1
SELECT CLIMATE ZONE
FROM FIGURE 6.3-7
AND RAIN RATE R, ,,
FROM TABLE 6.3-2
STEP 2 ‘

DETERMINE THE EFFECTIVE
RAIN HEIGHT IN KM FROM
THE LATITUDE @ IN DEGREES

h = 40 FOR 0< $<36°
“4.0-0.075 (¢-36°)

FOR ¢ 36°

OBTAIN SPECIFIC ATTENUATION
COEFFICIENTS FROM TABLE 6.3-3
AND COMPUTE K AND o

K = [Ky + K, + (Ky - Ky)cos? 0 cos 211/2
Kyay + KU, + (Kyay Kyaylcos28 cos 2t

K

T = POLARIZATION TILT ANGLE RELATIVE
TO HORIZONTAL {r = 46° FOR
CIRCULAR POLARIZATIONI

STEP 5 l

CALCULATE ATTENUATION EXCEEDED
FOR 0.01 % OF TIME

o
Agor = Ly p KR

STEP 3 l

STEP 6 l

DETERMINE THE SLANT PATH
LENGTH, ITS HORIZONTAL
PROJECTION AND REDUCTION

FACTOR
Ly = h-h 8 > 5°
sin ©
Lg = L cos?

P+ 0.045Lg

CALCULATE ATTENUATION EXCEEDED
FOR p% OF TIME

A, =0.12A -0.546+ 0. 043 | 0g p)

0.01°

FOR 0.001% <p<1.0%

Figure 6.3-6. Analytical Estimate Procedure for Cumul ative Rain Rate and
Attenuation Statistics Using the CCIR Mdel
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Tabl e 6. 3-3.

. 3- Regression Coefficients for Estimating
Specific Attenuation in step 4 of Figure 6.3-6

Frequency
(GHz) ‘H Y oy a,
l 0.0000387 0. 0000352 0.912 0 .880
2 0. 000154 0.000138 0. 963 0.923
4 0. 000650 0. 000591 1.12 1.07
6 0.00175 0.00155 1.31 1.27
8 0. 00454 0. 00395 1.33 1.31
10 000101 0. 00887 1.28 1,26
12 0.0188 0.0168 1.22 1.20
15 0. 0367 0.0347 1.15 1.13
20 0.0751 0.0691 1.10 1.07
25 0.124 0.113 1.06 1.03
30 0. 187 0. 167 1.02 1.00
35 0. 263 0. 233 0.979 0. 963
40 0. 350 0.310 0.939 0.929
45 0. 442 0.393 0.903 0. 897
50 0.536 0.479 0.873 0. 868
60 0.707 0. 642 0. 826 0. 824
70 0. 851 0.784 0.793 0.793
80 0.975 0.906 0.769 0.769
90 1.06 0.999 0.753 0, 754
100 1*12 1.06 0.743 0.744
120 1.18 1.13 0.731 0,732
150 1.31 1.27 0.710 0.711
200 1.45 1.42 0. 689 0.690
300 1.36 1.35 0. 688 0. 689
400 1,32 1.31 0.683 0. 684

Val ues

for k and aat other frequencies can be obtained by interpolation

usinga]ogarithm'ic scale for k and frequency and a linear scale for a
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6.3.3 Estimptes of Attenuation Given Rain Rate Statistics

6.3.3.1 Discussion and Procedures. |If the rainfall statistics can
be reconstructed from Weather Service data or actual site
measurenments exist for a period of at least 10 years near the ground
station site, these may be utilized to provide’ R versus percentage
exceedance. The tenporal resolution required of these measurenents
is dependent on the smallest percentage resolution required. For
example, if 0.001% of a year (5.3 mnutes) statistics are desired,
It is recoomended that the rain rate be resolved to increnents of no
nore than |-ninute to provide sufficient accuracy. This can be done
utilizing techniques described in Chapter 2 of this handbook, but 5-
mnute data is nore easily obtained.

The cunul ative statistics neasured near the ground station site
replaces Steps 1 and 2 of Figure 6.3-1. The attenuation statistics

are generated using the procedures in Steps 3 through 7 of Figure
6.3-1.

6.3.3.2 Exanple. Again we take the case of the 20 Gz ATS-6 1link
to Rosman, NC. W have cunul ative rain rate statistics for Rosman
for a six-nonth period as shown in Figure 6.3-9. (Data spanning
such a short period should not be used to estimate |ong-term
statistics. The use here is for denonstration purposes only.) W
first select values of rain rate R corresponding to several values
of percentage exceedance.

% R,
0.01 66
0.02 55
0.05 34
0.10 16.5
0.20 10.5
0.50 4.5
1.0 2.3
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We now proceed exactly as in the G obal Mdel application
exanmpl e (Section 6.3.2.2), using these values of Rinstead of those
in Table 6.3-1 or Figure 6.3-3.

The results of these calculations are shown in Figure 6.3-9,
along with the neasured attenuation statistics. This data is
presented to denonstrate the technique. Mre accurate data,
covering a |longer period, iS presented in Chapter 5.

6.3.4 Attenuation Estimates Gven Limted Rain Rate and Attenuation
Statistics

6.3.4.1 Discussion and Procedures. The system designer wll
virtually never find attenuation statistics spanning a nunber of
years for his desired location, operating frequency and elevation
angle. But by applying distribution extension and scaling
procedures to the limted statistics available, the designer may
make useful estimates of the statistics for the situation at hand.

Distribution extension allows one to take concurrent rain rate
and attenuation measurenents intermttently over a limted period of
time, then convert the data into cunulative attenuation statistics
covering the entire year. The conversion requires stable cumulative
rain rate statistics for the site or a nearby weather station, and
measurenents taken over a statistically significant fraction of the
year. Distribution extension is required in practice because it is
often costly to make continuous attenuation neasurements over
extended periods. Rather, data are taken only during rainy periods.

Scaling is required to account for differences between the
frequency and elevation angle applying to the available statistics,
and those applying to the actual system under consideration. This
scaling is based on enpirical formulas which, to the first order
approxi mati on depend only on the frequencies or the elevation angle
and apply equally to all attenuation values. To a better
approxi mation, however, the rain rate corresponding to the
attenuation and other factors nust be considered as well.
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Figure 6.3-10 shows a generalized procedure for applying the
distribution extension and scaling techniques described in this
section.

6.3.4.2 Attenuation Distribution Extension. The technique is
illustrated in Figure 6.3-11. The upper two curves represent

cunul ative rain rate and attenuation statistics derived from
neasurements taken over sone linited period of tine. The
measurement time may consist for exanple, of only the rainy periods
from April through Septenber. The exceedence curves are plotted as
functions of the percentage of the total neasurenent tine. The

| ower solid curve represents the cumulative rain rate statistics,
measured over an extended period at the sanme |location as the
attenuation measurements, or derived fromnulti-year rainfal

records from a nearby weather station.

A curve approximating the long-term cunul ative attenuation
distribution (the bottomcurve in Figure 6.3-11) is derived fromthe
three upper curves by the follow ng graphical procedure:

10 Select a percent exceedance value, Ei, and draw a horizonta
line at that value intersecting the limted-time rain rate
and attenuation distribution curves at points a and b,
respectively.

2. At the rain rate value R corresponding to E;, project a line

down to intersect (at point c) the long-termrain rate curve
at the exceedance val ue Ea.

3. At the attenuation value A corresponding to E;, project a
line down to the exceedance value Ea. This (point d) is a

point on the long-term attenuation curve.
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Figure 6.3-10. procedure for Generation of Cumulative Attenuation Statistics Gven
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4. Repeat the process for several points and join themwth a
smoot h curve.

Distribution extension in this nmanner assumes that the val ues of
rain rate and attenuation remain the same as the neasured values, ON
the average, for tines of the year different than the measurenent
period. This is not necessarily so. The physical distribution of
raindrops along the propagation path in a stratiformrain, for
example, differs fromthe distribution in a mld convective storm
Both conditions could produce local rainfall at the sane rate, but
the attenuation produced could be quite different. Thus in regions
where there is wide seasonal variation in how rain falls,

di stribution extension should be used with caution. The reliability
of the extended distribution depends on how “typical” of the whole
year the rainfall was during the neasurement period. |f the shapes
of the limted-time and the long-term distribution curves are
simlar, the limted-time sanple is statistically significant and
the distribution extension will be valid.

6.3.4.3 Frequency scaling. |f frequency scaling of neasured rain
attenuation (Step 3 of Figure 6.3-10) isS required, the specific
attenuation scaling technique is recommended. In this technique
specific attenuation data is utilized to scale the attenuation A
from frequency f1 to frequency fa2. Referring to the equation for rain
attenuation in Step 7 of Figure 6.3-1, the result is

A k On ~ O k
A = KR L EE (fore=o (6.3-17)
wher e
A = A(£), A, = A(f), x = k(£f),. . . , etc. (6.3-18)

This is a fair estimate for small frequency ratios (e.g., less than
1.5:1), and noderate rain rates, but errors can be large otherw se
This is because the above equation implicity assumes that rainfall
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I s honbgeneous over the propagation path, which is usually not true.
By assuming a sinple Gaussian nodel for the rain rate with distance
al ong the path, Hedge (1977) derived an expression for attenuation
ratio that includes an inhonmogeneity correction factor, and uses the
high correl ation between attenuation and peak rain rate to elimnate
the rain rate:

A

k Ale %‘1 o
- ow ()T (0519

This yields a better fit to enpirical data.

6.3.4.4 Elevation Angle Scaling. Step 5, the elevation angle
scaling between the operational elevation angle 6op and the neasured
data angl e Omeas i s somewhat conplex. The first order approximation
the cosecant rule, is recommended, nanely

A(8,) _ csc 6, _ sin § i
A(el) csc e, sSin 92 (63 20)

|f nmore detailed calculations are desired the full forrmulas in
Figure 6.3-1 are utilized.

6.3.4.5 Exanple of Distribution Extension. Figure 6.3-12 shows an
exanpl e of applying the distribution extension technique. The upper

two curves are cumulative rain-rate and attenuation statistics
derived frommore than 600 total mnutes of measurements over the
July through Decenber 1974 period. The bottomcurve in the figure
I's the neasured distribution of rain rate for the entire six-nmonth
period (263,000 mnutes). Conparison of the two rain rate

di stributions shows that they are very simlar in shape. This
indicates that the rain rate measurenments nmade during attenuation
measurements are a statistically significant sample of the tota
rainfall, and that using the distribution extension technique is
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valid. The extended attenuation distribution, constructed as
described in paragraph 6.3.4.2, is shown in the figure.

6.3.5 Fading Duration

System designers recogni ze that at some |evel of rain rate Ry
the entire system margin will be utilized. The cunulative rain rate
statistics indicate the percentage of time the rain rate exceeds R,
In this section, a technique is presented for estimting an upper
bound on the duration of the periods that the rain rate exceeds a
given Rp. This is equivalent to the duration of fades exceeding the
depth corresponding to R,

Experimental fade duration statistics are presented in Chapter 5
(Section 5.6). As mentioned in that section, experinental data has
confirmed that the duration of a fade greater than a given threshold
tends to have a log-normal probability distribution. This is
equivalent to the logarithmof the duration having a norm
distribution. Gven sufficient experinental data, one ma-y determ ne
the parameters of the best-fitting |og-normal distribution, and use
these to extrapolate fromthe enpirical distribution. Such
extrapolation could be used in lieu of, or in addition to, the
techni que described here when fade duration data is available.

6.3.5.1 Estimating Fade Duration Versus Frequency of Qccurrence
The US and Canadi an weat her services have published maxi num rai nf al
intensity (rain rate) - duration - frequency curves which provide
the point rain rates for several hundred |ocations on the North
Anerican continent (u.s. Dept. comm.-1955 and Canada Atnps. Env. -
1973) . Two typical sets of curves for the close-proximty cities of
Baltimore, MD and \Mshington, p.c. are shown in Figure 6.3-13. The
return periods are conputed using the analysis of Gumbel (1958)
since data is not always available for the 100-year return period.
These curves are derived fromthe single maximumrain-rate event in
a given year and are termed the annual series. For microwave
propagation studies, curves that consider all high rain rate events
are necessary. Such curves, called the partial-duration series, are
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not normally available, but enpirical multipliers have been found
for adjusting the annual series curves to approximte the partial-
duration series (Dept. Commerce-1955). TO obtain the partial-
duration curve, the rain rates on the annual series curve for the
desired return period are multiplied by the appropriate factors,
given in Table 6.3-4.

Table 6.3-4. Miltiplicative Factors to Convert Annual
to Partial-Duration Series

RETURN PERI OD ( YEARS) MULTIPLY AENRL JOERIES
9 1.13
5 1.04
10 1.01
25. 50, 100 1.00
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The intensity-duration-frequency curves actually give the
average rain rate over the duration period, whereas the
Instantaneous rain rate is of interest from a propagation
standpoint.  The curves therefore do not directly give the frequency
ver-sus duration of fades of a given depth. However, for short
averaging periods (e.g., five mnutes), the instantaneous rain rate
woul d be expected to stay fairly close to the average rain rate, and
woul d certainly never exceed it for the entire period. The curves
then can be used to approximate the frequency of short-duration
fades, and to place an upper bound on the frequency in any case.

The mnimum return period shown on Figure 6.3-13 is two years.
It is desirable to be able to extrapolate to one year. This can be
done using the cumbel frequency analysis technique for extrene
values. This has been acconplished graphically, for durations of 5
through 60 mnutes as shown in Figure 6.3-14. The data used in the
curves has been adjusted using the nultipliers of Table 6.3-4 to
correspond to the partial-duration series. For exanple, the rain
rate expected in Baltinore in a 5-mnute period once in 2 years is
5.2 X 1.13 = 5.9 inches per hour, Extrapolating to one year yields
4.8 inches per hour (122 mmh). Sinilar calculations my be done
for other duration periods to generate a |-year return period curve
for the partial-duration series.

The recomended technique for estimating the maxi num fade period
to be expected in an N-year rain event is described in Figure
6.3-15. Here the station parameters (latitude, longitude, etc.),
operating frequency and link margin (after clear air attenuation is
renmoved) are required inputs. By iteratively solving the
attenuation equation in Figure 6.3-1 the maxi num all owabl e poi nt
rain rate Ry, i S obtained. The estimate of the maxinum fade duration
for the worst rainin 1,2,5 10 or nore years is then obtained from
data for the partial-duration series rain rate-duration-frequency
curves (see Figure 6.3-9). For exanple, if the system nmaxinum
allowable rain rate ryy is 5 inches/hour (125 mm/hr), a systemin
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GIVEN:

STATION PARAMETERS
OPERATING FREQUENCY,
LINK RAIN MARGIN, M(dB)

STEP 1

ESTIMATE MAXIMUM POINT RAIN RATE R
BY ITERATIVELY SOLVING
ATTENUATION EQUATION IN
FIGURE 6.3-1 WITH ATTENUATION = M

pm

STEP 2

OBTAIN ANNUAL SERIES RAINFALL INTENSITY —
DURATION — FREQUENCY CURVES
FOR THE EARTH STATION LOCATION
(U.S. DEPT. COMM. — 1955 O-R-CANADA
ATMOS. ENV. - 1973)

STEP 3

ADJUST RAIN RATES FROM THE CURVE
TO PARTIAL — DURATION VALUES USING TABLE 6.3-4.
PLOT VERSUS RETURN PERIOD PER

FIGURE 6.3-13
STEP 4
ESTIMATE RETURN PERIOD OF EVENTS
FOR WHICH RAIN RATE 2.,

(ATTENUATION 2= M) FOR MAXIMUM
OF 5 MIN, 10 MIN, ETC.

Figure 6.3-15. Technique for Estimating Frequency of QOccurrence
of Fades of Gven Duration
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Washi ngton, bp.c. should on the average expect one maxi mum 5-mnute
fade each year, one maximum 10-m nute fade every three years, etc.

6.3.5.2 Annual and paily Tenporal pistribution of Intense Rain
Events. The tenporal distribution of rain-induced fade events can
be inportant to a designer since loss of a link during | ow
utilization periods may be tolerable. Figure 6.3-16a shows the
distribution, by season, of “record” rainfall events at 207 weather
stations throughout the u.s. The events are neasured in terns of
dept h-duration, which specifies the total nunber of inches of rain
and the tinme over which it fell. The durations are shown in the
figure, and range from5 mnutes to 24 hours. Figure 6.3-16b shows
the distribution of the maxi numevents by the times when they start.
It is clear that the short-duration events, having the nost intense
rain (and the deepest fades) occur predom nantly in the summer
months and during the afternoon hours. There are regiona
variations of course: throughout nuch of the west coast, summer
rains are insignificant. In the midwest, nocturnal thunderstorns
are comon. The figure also shows that nmore than 40% of the record
24-hour rainfall events happen in the fall, when steady stratiform
rains are the rule. The regional variations in the tine
distribution of heavy rains is clearly shown in Figure 6.3-17
(Rasmussen- 1971). It gives the tine of day of the maxi num

t hunder st orm frequency, based on 10 years’ observations. A
phenonenon not indicated by the map is the existence of secondary
peaks in thunderstormfrequency in many regions.

6.3.6 Rate of Change of Attenuation

Experimental data related to the rate-of-change of attenuation
is relatively sparse. Apparently experinenters have not anal yzed
their neasurements to obtain this information except during sone
extreme attenuation occurrences. Sone neasurements nmade at Rosman,
NC of the CTS 11.7 GHz beacon showed a maxi num rat e- of - change of 2
aB/sec on April 24, 19-7 (1ppolito-1979). This translates to change
of rain rate from50 r ar to 57 mm/hr ir e second. Assunming this
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change in rain rate, the rate of change of attenuation would have
been 4 gB/sec at 20 GHz.

Maxi mum fade rates of 0.1 dB/sec at 15 GHz are reported by Hedge
(1974) and Strickland (1977). Dintelmann (1981) reports fade rates
of u-p to 0.6 dB/sec in Europe at 11.7 GHz.

6.3.7 Wrst-Mnth Statistics

Wrst-nmonth statistics are of interest to those faced with
designing a systemto nmeet performance criteria expressed in terns
of a percentage of any calendar nonth, or of any contiguous 30-day
period. The system designer in this case needs to find the
percentage of tinme that sone threshold value of attenuation or rain
rate will be exceeded within a given month. For every threshold
val ue, there corresponds a nmonth of the year having the highest
percentage of time exceeding the threshold (i.e., the percentage
exceedance) . This is designated the “worst-nonth” for that
threshold. The percentage exceedance in this month, to be expected
once every year or every given nunber of years, is of nobst interest.
For high rain rates, the worst-nonth would probably correspond to
the period of highest thunderstorm intensity or frequency, whereas
the worst-nonth for |ower rain rates mght be when nost rainfall is
of the steady, stratiform variety.

An exponential model has been devised (Crane and Debrunner-1978
and ccir-1978, Rpt 723) for estimating the ratio of the Percentage
exceedance for a given threshold value in the worst-nonth to the
average annual percentage exceedance for the same threshold. This
exponential relationship is expected for statistics of rare events
(Gumbel-1958).

Let Xij be the percentage exceedance in nonth i corresponding to
a threshold rain rate j. In a given year, there is for each value j

a nmonth h with the highest Xij, denotedXnj. The worst-nonth
statistic is the value of Xnjthatis equalled or exceeded, on
average, once in N years where N (the return period) is specified.
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The probability that the worst nonth percentage exceedance is equal
to or greater than Xnj is given by:

The exponential nodel, which applies when Xnj i S small, States:

P(Xnj) = Coj exp (-Xnj/Cij) (6.3-22)
where Cj and Ci; are enpirical constants. Inverting this equation
yi el ds:

Xnj ~ Ci3 in Coy = inN P(Xnj) (6.3-23)

Figure 6.3-18 is a plot of nonthly probabilities of exceeding
presel ected threshol ds Xij for 44 consecutive nonths of attenuation

measur ement s. It clearly follows the straight-line relation of the
model, with Coj = 0.19 and Ci13 = 7.8 X 10-4.

The ratio of the N-year worst-nonth percentage exceedance Xnj. to
Yy, the average annual percentage exceedance for the sane threshold
j, 1S given by

Xy In(@2ngy) (6.3-24)
2 C

i oi

QjN

For the case of N=1 year, this is bounded by:

(6. 3-24)
Fsoy =

Wiere Mis the nunber of nonths in the year that intense rains
typically fall. |f M< 3, the exponential nodel should be
questioned. The |ower bound has been shown to be a fair estimte of

Qi1 for rain rates with annual percentage exceedances in the .001%to
. 01% range.
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The worst-nonth versus annual probability relationship has been
found to be closely approxi mated by a power |aw of the form

Q= AT (6. 3-25)

where 9 is the ratio of the average worst-nmonth probability to the
average annual probability (Y) and A and B are coefficients. The
observed ranges of coefficient values are 1.2 < A< 3.3 and 0.167 <
Br = 0.074 (CCIR Rep. 723-1, 1982a). A useful approxinate

rel ationship between worst-nonth exceedance time percentages (p )
and annual tine percentages (p,) IS (CCIR, 1982a):

P =0.29 py 1.15 (6. 3-26)

where p and p,are in percent. The corresponding coefficient values
for the previous power |aw relationship are A= 1.64 and p = 0. 13.
These val ues yielded Qratios in good agreenent with average val ues
for different locations in North America and Europe. For current
CC R recommendations, the reader is referred to CCR report 723-2,
“Worst Mnth Statistics”, (CCIR, 1986e).

6.4 CLOUD, FOG SAND AND DUST ATTENUATI ON
6.4.1 specific_Attenuation of \Ater bproplets

The water droplets that constitute clouds and fog are generally
smal ler than about .01 cmin dianeter. This allows the Rayleigh
approximation to be used to calculate specific attenuation in clouds
and fog for frequencies up to 100 GHz. Using this approximtion,
the specific attenuation ac is, unlike the case of rain, independent
of the droplet size distribution. It is proportional to the liquid
wat er content pe:

uc = chedB/km (6' 4- 1)

peis normal |y expressed in units of g/m3., The attenuation constant
KCis a function of frequency and tenperature and is given by Figure
6.4.1 (cCIR Rpt. 721-1, 1982a). The curves given in the figure
assume pure water droplets. The values for salt-water droplets,
corresponding to ocean. fogs and mists, are higher by approximtely
25% at 20°C and 5% at OC (Koester and Kosowsky-1978).
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(from cCIR 1982a, Rpt 721-1)
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6.4.2 C ouds

6.4.2.1 Water Content of Clouds. The liquid water content of
clouds varies widely. For stratiform or layered, clouds, the value
was observed to nost often fall in the range of 0.05 to 0.25 g/m3.
For the nost dense of this type of cloud, stratocunulus, maxi num
values from0.3 to 1.3 g/m3 have been neasured (Mason-1971). Cumul us
cl ouds, especially the large cunul oni nbus and cumul us congestus that
acconpany thunderstorms, have the hi ghest values of liquid water
content. Fair weather cunulus were found to have liquid water
contents generally less than 1 g/m3.  Peak val ues exceeding 5 g/m
were found in cunulus congestus clouds by Wickmann and aufm Kanpe
(1953). They estinmated an average value of 2 g/m3 for cumulus
congestus and 2.5 g/m3 for cunuloninbus. A review of typical values
Is given in Slobin (1982).

Cl ouds are not honbgeneous masses of air containing evenly
distributed droplets of water. Rather, the liquid water content can
vary widely with location within a single cloud. On the average,
the liquid water content in smaller cunul us congestus cl ouds
increases fairly steadily with distance up fromthe base, then
begins to drop off somewhere in the md-to-upper parts. It also
general |y decreases with horizontal distance fromthe center toward
the edges. Small-scale variations are al so present, however. Sharp
differences have been observed in localized regions on the order of
100 m across. One would expect fairly rapid local variation with
time as well, due to the conplex patterns of air novenent taking
place within cumulus clouds. Updraft wi nd velocities greater than
10 m's exist w thin cunul oni rbus cl ouds (Rogers-1976).

6.4.2.2 Measured Attenuation of Oouds. Typical path lengths

t hrough cumul us congestus cl ouds probably fall between about 2 and 8
km Using the estimated average liquid water content from above (2
g/m3), and the attenuation coefficient fromFigure 6.4.1, this
inplies an added path ,lossat 35 GHz of about 4 to 16 dB
Fortunately, this calculation grossly overestimtes the actual
attenuation that has been observed through these clouds. This
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Table 6.42 Zenith Coud Attenuation Mas
. . urenents
CCIR Rpt. 721-2 (1986f) ’
Cloud Att | ation (dB)

Cl oud Type 95 GHz 150 GHz

stratocumulus 0.5 -1 0.5 -1

Small, Fine Weather Cumulus 0.5 005

Large Cumulus 1.5 2

Cumulonimbus 2-7 3 -

Nimbostratus (Rain Cloud) 2-4 5 -7
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appeaI’S to be generally tr ue, as seen | n Table56.4—land6.4—2,
whi ch present neasurenents from two sources.
Table 6.4-1. Zenith Coud Attenuati
and Str Ono?lgggfurenﬁnts From Lo, Fannin
Mean cloud Mean Gaseous
Number of | Attenuation (dB)_| Attenuation ( d B)
+— CloudType Observations | 35 GHz  95GHz | 35GHz ~ 95GHz
Altocumulus 7 .02 .23 .38 1.93
Al'tostratus 2 15 .30 34 1.73
Strat ocunul us 22 .18 .61 43 2.14
Stratus 8 13 12 42 2.14
Ni mbost rat us 5 14 11 44 2.32
Cumulus 20 A2 .34 A1 2.12
Cumulonimbus 6 .34 2.36 40 2.07



In Table 6.4-1, the gaseous attenuation, calculated for the
measured surface relative humdity, is given for conmparison. The
cloud attenuation is in nost cases 40% or |ess of the gaseous
attenuation. For frequencies removed fromthe 35 and 95 GHz
“windows,” the cloud attenuation would be a smaller fraction of
gaseous attenuation. In Table 6.4-1, the nunber ofobservations is
rather small for all but two types of clouds. The nunbers given
shoul d therefore not be given undue statistical significance. Al so,
in using both tables, one should bear in mnd the great variability
in sizeand state of devel opment of the clouds observed,

The 35 and 95 GHz data of Table 6.4-1 or 6.4-2 nay be roughly
scaled in frequency, using the frequency dependence of attenuation
coefficient from Figure 6.4-1. Scaling in this nmanner is quite
approximte, as is seen from Table 6.4-1. The ratio of attenuation
coefficients at 35 and 95 GHz varies between about 3.9 for -8°Cto
6.3 for 20°C.  The ratio of average cloud attenuations neasured at
those frequencies is, fromthe table, 3.4 for stratocunulus, 2.8 for
cumulus, and 6.9 for cumul onimbus. | n another series of
measurements on individual fair weather cumulus clouds (Lo, et al-
1975) this ratio was usually between 3.7 and 5.5.

There appears to be a |arge discrepancy between tables 6.4-1 and
6.4-2 in the attenuation of ninmbostratus clouds at 95 GHz. The large
val ues of Table 6.4-2 may be due to the inclusion of precipitation
in the path, however, because the presence of ninbostratus clouds
woul d usual |y be acconpani ed, sooner or |ater, by precipitation at
the ground station, the higher values of attenuation would be
expected. This does not necessarily apply to cumul oni nbus clouds,
however. Because of the large vertical development and limted
hori zontal extent of these clouds, a typical (30-40° elevation angle)
propagation path may be intercepted by themwi thout significant
rainfall at the ground station.
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6423Statistics of Mcrowave Effects of O ouds. A JPL study
(Slobin 1982), has nade estimates of the statistics of cloud effects
for the continental US., Alaska and Hawaii. The presence of clouds
In space-earth downlink antenna beans has two prinary effects:

signal attenuation and an increase in system noise tenperature.

For very |ownoise receiving systems, such as those used for deep-
space communi cationa, the noise effect can be quite significant.
Coud noise statistics may therefore be inportant in siting such
systens and in scheduling their use. Coud effects can normally be
ignored in a high-reliability system designed with a rain margin.
However, cl ouds nust be considered for systems with mninmal margin
that are intended for continuous use, such as a deep-space |ink

recei ving unrepeatable spacecraft data.

The JPL study determned that the US. could be divided into
fifteen regions of statistically “consistent” clouds, as shown in
Figure 6.4-2. The region boundaries shown in the figure are highly
stylized and should be interpreted liberally. Sone boundaries
coi ncide with major mountai n ranges (Cascades? Rockies, and Sierra
Nevada), and simlarities may be noted between the cloud regions and
the rain rate regions of the Gobal Mdel. Each cloud region is
considered to be characterized by observations at a particul ar
Nati onal Weather Service observation station. The [ocations and
three-letter identifiers of these stations are shown in the figure.
For each of these stations, an “average year” was selected on the
basis of rainfall neasurenents. The “average year” was taken to be
the one in which the year’'s nonthly rainfall distribution best
mat ched the 30-year average nmonthly distribution. Hourly surface
observations for the “average year” for each station were used to
derive cunulative distributions of zenith attenuation and noise
tenperature due to oxygen, water vapor, and clouds, for a number of
frequencies ranging from8.5 to 90 GH.

The following nethod was enployed to calculate the cumulative
di stributions.
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For each hour’s observations, the attenuation of each reported
cloud layer (up to four) was calcul ated based on the |ayer's”
wat er particle density, thickness, and tenperature. The
attenuation due to water vapor and oxygen was also found using
the reported surface conditions.

Total attenuation and noi se tenperature due to all cloud

| ayers and gases were calculated for sixteen possible cloud
configurations, corresponding to all combinations of cloud
presence or absence at the four layer heights.

Cunul ative probability distributions for attenuation and noise
tenmperature were calculated using the reported percent-
coverage val ues corresponding to each cloud |ayer. For
example, if the percentage of coverage was 60 percent for
layer 1 and 20 percent for layer 2, then the probability of
various configurations of clouds present in the antenna beam
woul d be as follows:

no clouds present: (I-.6) (1-02) = 0.32
| ayer 1 clouds only present: (06) (1-.2) =0.48

| ayer 2 clouds only present: (1-.6) (.2) = 0.08
clouds in both |ayers present: (.6) (.2) =0.12

Typical cunmulative attenuation and noise tenperature
distributions calculated in this way are shown in Figure 6.4-3. The
curves apply to zenith paths only, but can be extended to slant
paths using a cosecant law.  Such extension will probably lead to
overestimation at |ow elevation angles and small time percentages.
This is because clouds wth large vertical devel opnent have |ess
thickness for slant paths than for zenith paths. At tinme
percentages where rain effects becone significant (cumulative
di stributions greater than 95%), the attenuation and noise
tenperature due to the rain should be considered also.
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Plots of noise tenperature and attenuation statistics, both
full -year and quarter-year, are available for the 15 regions at 15
frequencies (8.5, 10, 12, 15, 18, 20, 25, 28, 30, 32, 35, 39, 44, 49
and 90 cHz). Interested persons should contact Stephen Slobin, Jet
Propul si on Laboratory, Pasadena, CA 91109.

6.4.3 Fog

6431\Water Content of Fog. Fog results from the condensation of
atmospheric water vapor into water droplets that remain suspended in
air. Fog is characterized by optical visibility, which is defined
as the distance over which a black target against the sky horizon
background can just be discerned by the human eye. The

international definition of fog is satisfied when visibility is |ess
than one kilonmeter (Koester and Kosowsky-1970).

There are two nain types of fog, differing in the locale and
method of formation. Advection fogq is coastal fog that forms when
warm, NDi St air noves over colder water. The liquid water content
of advection fog does not normally exceed 0.4 g/m3. Radiation fog
forms inland at night, usually in valleys and |ow marshes, and al ong
rivers. Radiation fog can have a liquid water content up to 1 g/m3.
Empirical relations have been found (Koester and Kosowsky-1970)
between the liquid water content,pe, and the visibility, v(km):

pe = (18.35 v)-1.43 for advection fog (6.4-2)
pe -~ (42.0 vy-1.5¢ for radiation fog (6.4-3)

6432 Attenuation of Fod. The specific attenuation of fog (in
dB/km) i S estimated using the curves in Figure 6.4-1. The 10°C curve
is reconmended for the summer, and the o°c curve should be used for
ot her seasons. Typical liquid water content values for both types

of fog vary between about 0.1 and 0.2 g/m3. The specific attenuation
of this, assumng a tenperature of 10°, would be about 0.08 to 0.16
dB/km at 35 GHz, or 0.45 to 0.9 dB/km at 95 GHz.  (See Figure 6. 4-

1.) In a typical fog layer 50 mthick, a path at a 30° elevation
angle would be in the fog only 100 m producing less than 0.1 aB of
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attenuation at 95 GHz. This suggests that fog attenuation would, in
nmost cases, be negligible.

6433Fog Attenuation Estimation Method. A relatively simple
procedure for the estimation of fog attenuation fromfog density or
fog visibility data has been devel oped by Altshuler (1984). A
regression analysis was perfornmed on a large set of fog attenuation
data over a wide range of frequencies (10 to 100 GHz) and
temperatures (8to 25°c), using tabul ated val ues of indices of
refraction. The resulting analysis produced the follow ng
expression:

af = -1.347 + 11.152/f + 0.060f - 0.022T (6.4-4)
wher e
ag is the normalized fog attenuation, in 4dB/km/g/m3
f is the frequency in GH, and
T is the tenperature in °c

The total fog attenuation is found by nultiplying ag by the fog
density, in g/m3, and the fog extent, in km Unfortunately, the fog
density is not easily obtainable, and can vary greatly. Fog,
however, is often characterized by visibility, which nuch easier to
measure khan fog density.

The fog density, M is enpirically related to the visibility? V
by;

M= (0.024/V)1.54 (6.4-5)
where Vis in km and Mis in g/m3.
The total fog attenuation, Ag(dB), is then available from

Af(dB) = ag*M*Lg (6.4-4)
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where ¢ iS the fog extent, in km

The standard error of the estimation procedure described above
is 0.14 ab. The author recommends in a later publication that the
procedure should not be used for frequencies below 30 GHz, since the
error is conparable in magnitude to the fog attenuation itself
(Altshuler-1986) .

As an exanple of an application of the procedure, consider a
link at 44 GHz, with a fog visibility of 120 m(0.12 kn). The fog
density is then

M= (0.024/0.12)1.54 = (0, 0839

The normalized fog attenuation, at a tenperatur”e of 25°C, will
be, fromEq. (6.4-4);

as = 0.996 dB/km/g/m3

The total fog attenuation, assuming a fog extent of 2 km wll then
be, fromEq. (6.4-6)

A¢ (dB) = (0.996)(0.0839)(2) = 0.167 as

The fog attenuation, as expected, is very low, and is not usually a
factor in satellite link system design for frequencies below 100
Gt .

6.4.4 Sand and Dust Attenuation

Sand and dust scatter electromagnetic energy and their effect
may be evaluated via Me scattering. To date sinulated nmeasurements
have been carried out in the |laboratory (ahmed and Auchterl oui s-

1976) . At 10 GHz and concentrations of sand and dust |ess than 10-5
g/m3 the neasured specific attenuation was less than 0.1 daB/km for
sand and 0.4 d8/km for clay. Severe storms have concentrations
exceedi ng these val ues.
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Ghobrial, et al (1978) have calculated a theoretical specific
attenuation for sand. Based on the characteristics of particles
col l ected during sandstorns, they conclude that negligible
attenuation is suffered by X-band transm ssions through sandstorns.
This is due to the snmall particle size conpared to the wavel ength
and the low | oss tangent for sand.

Chu (1979) reported that attenuation coefficients from sand
particles at mcrowave frequencies were linearly proportional to
frequency, and inversely proportional to optical visibility. The
attenuation coefficients for distributions of identical particles
were linearly proportional to particle radius. Qher theoretica
anal yses have shown that sand and dust particle attenuation at
m crowave frequencies tends to be significant at very high particle
concentrations (risibilities of |ess than 2om), or at high noisture
contents, or both [Bashir et al. (1980), Ansari and Evans (1982),
Goldhirsh (1982)].

Bl owi ng sand and dust storms occur in sone regions of the U S
These are recorded by the Wather Service as part of the Local
Climatological Data (LCD) at the 291 stations. Gound stations
needing this information should review the data recorded by a nearhby
LCD recording station.

The vertical extent of these sand storns is unknown, but it
seens unlikely that high concentrations would exceed 1 km  The path
length is expected to vary between 1/2 and 3 km generally resulting
in a total additional attenuation due to sand of the order of 1 dB
or less. No nmeasured satellite beacon link data is available to
confirm these results.

6.5 PREDI CTI ON oF S| GNAL FLUCTUATI ONS AND LOW ANGLE FADI NG ON
EARTH- SPACE PATHS

The anplitude, phase, and angle-of-arrival of a mcrowave signa

passing through the troposphere vary due to inhonogeneities in the
refractivity (clear air). The effects occur on - ine scales shorter
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than a mnute and on spatial scales shorter than a kiloneter. At
| ow el evation angles, the anount of troposphere traversed is
significant, and so, below approxinmately 10 degree elevation angles

| ow-angl e fading must be considered.

6.5.1 Ant enna Aperture Effects

The effects of tropospheric turbulences and the antenna can not
be totally decoupled because, of course, the measurenents and
operating systens utilize antennas. The antenna aperture processes
the incident wavefront with its spatial and tenporal fluctuations
into a received signal with only tenporal variations.

VWavefront tilt due to inhonpgeneities and gradients in the
refractivity appear to the antenna as an angle-of-arrival variation
Average elevation angle ray bending is usually 10 times nore
pronounced than azinmuthal ray bending. However, wave tilt
fluctuations tend to be randomy distributed in angle relative to
the slant path propagation direction, at |east when the majority of
the path is above the regine of surface effects (surface effects
extend upwards several hundred neters).

Fluctuations occurring on spatial scales smaller than the size
of the aperture are often referred to as wavefront ripple. This
phase incoherence results in an instantaneous gain |oss or
degradat i on.

The fluctuations described herein apply to the ground station
downl ink because its antenna is in close proximty to the turbulent
medi um An uplink satellite path will suffer fluctuation gain
degradation only due to scattering of energy out of the path.
Because of the large distance traversed by the wave since |eaving
the troposphere, the wave arrives at the satellite antenna as a
plane wave (no ripple) and with only mnute angle-of-arriva
effects. Interference to satellites on the geostationary arc can
occur due to the refraction and diffraction of radio relay Iinks
oriented toward the satellite
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652 AnplLitude Fluctuations

6.5.2.1 Qverview_ The phenonena of anplitude and angl e-of-arrival
fluctuations combine to formreceived signal anplitude fluctuations.
For many cases of propagation one or nore of these effects nmay often
be neglected. For exanple, a receiving system which enploys an
antenna with a wide beamwidth will not experience angle-of-arrival-
i nduced anplitude fluctuations for nost elevation angles. However
such sinmplification is not always possible. The theory of wave
propagation and scattering in random nmedia allows a conbination of
the turbul ence induced effects to be performed in the context of
weak fluctuations along a line-of-sight path. The work of Ishimaru
(1978), which defines coherent and incoherent field conponents as a
pl ane wave propagates through a random nedi um provides a nethod of
conbi ning anplitude and angle-of-arrival effects into a nodel of
received signal anplitude fluctuation. A nodel utilizing the
concept of incident plane wave deconposition (see Figure 6.6-1) has
been proposed by Theobold and Hedge (1978).

6.5.2.2 Variance of Received Signal Anplitude. The assunption of
weak turbulence is invoked for a plane wave incident on a region of
turbul ence, propagating a distance Lt (km) and inpinging on a
circular aperture of diameter da (neters). The antenna is assumed to
have a Gaussian pattern function with hal f-power beamm dth B
(degrees). |f v¢ is the received signal voltage, assumng a
square-law first mixer, an expression for signal variance relative

to average power is

<V 2> - <V >2
$2 = 10 logy, (—9—&}%) (6.5-1)
102 + - 82 -l ( B2 Y
¢ §5507 T B ' \2.770.2 + B2
= 10 logyg
B2
%+‘iQn%2+¥)
where Iy =1 - exp ['Lt/LoJ

1. = (- 1i) 70 +ed)

2 . . .
o = electric field amplitude variance
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02, =angle-of -arrival variance (deg?)

L¢ = path length

LO = a function of density and crosssection of scattering along
the path.

Measurenents at The Chio State University of the ars-6, 20 and 30

GHz beacons as the satellite underwent synchronous orbit transition
were used to derive enpirical constants for this nodel. The path

l ength, Ly, was determned as a function of elevation angle, 6, using
an effective turbulence height, ht, of 6 kmin the fornula

1/2

2 )2. - resin §

Lt: t+2reht + (r.sin 6 1

(6.5-2)

where r, = nean earth radius = 6371 km
The constants were

LO = 180 km

02 = 2.6 X 10-7 £(GHz)7/12 Ly (km)11/6

5.67 X 10-6 Ly(km)1-56 dp (m)-1/3

02,
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Figure 6.5-1. Deconposition into Coherent and Incoherent Conponents

A plot of the variance neasurenent, s2, expressed in, dB, is shown 1n

Figure 6.5-2 for four representative frequencies for a 4.6 m
dianeter aperture. sz is plotted as a function of elevation angle and

equi val ent path length for a 6 kmhigh region of turbulence.
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Figure 6.5-2 represents the average s2 as derived fromthe
0.5.U. enpirical constants. However, since both o2, and 022 may be
represented in closed formasafunction of c2, (Tatarski-1961),
instantaneous, diurnal, or seasonal values for sz may be found from
this nodel given an estinmate of the appropriate C2.

6.5.2.2.1 Applicability of the Mdel. The enpirical constants
which were found from observed data are applicable for the
prediction of average turbul ence-induced propagation effects in a
tenperate climate, during the warmer seasons of the year, and under
non-preci pitating clear-air conditions. It is necessary to derive

| ocal estimates of c2, for the nodel if these conditions are not the
sane.

6.5.2.2.2 pistribution of Amplitude Variance. It is known that
peak-to-peak variations of 30 N-units in the refractive index are
expected on a tine scale of days and hours (Theobold-1978).
Corresponding fluctuations in received signal anplitude variance
expressed in dB woul d be expected to be about 20 dB peak-to-peak for
a fluctuation of 30 N-units out of an average of 345. Figure 6.5-3
shows a representative case of average anplitude variance at 30 G
for a 4.6 mdianeter aperture as afunction of elevation angle.
Curves for plus or mnus 10 aB variation in c2, about the average are
shown for conparison

A nmore exact representation of the expected distribution of
anplitude variance nay be obtained given neasured statistics of
variance variability about the average. Figures 6.5-4a and b
present probability distribution functions of variance differences
for 2 and 30 GHz earth-space signals neasured over a period of 26
days. The satellite was undergoing transition in elevation from
0.38° to 45° and the nean variance was removed as a function of
el evation angle. The 90% confidence limts of 14.6 and 14.7 dB
respectively, are in good agreement with the statistics of expected
refractive index variation.
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65.2.23 Power__Spectral Density. The formulation of the structure
of the power spectral density of turbul ence-induced anplitude
fluctuations has been derived fromclassical turbulence theory
(Tatarski-1961) . The theoretical spectrum of anplitude fluctuations
in a mediumcharacterized by a real refractive index is found to
roll off as g¢-8/3, or -26.6 dB/decade, in fluctuation frequency fs.
This behavior is not a function of operating frequency, as |long as
the wavel ength is small or on the order of the snallest refractive

I nhonogeneities. Deviation fromthis slope wll occur due to non-
stationarity of the scintillation process.

The spectral slope was calculated for time records of 102,4
seconds at 2 and 30 Gz on the ATs-6 CW beacons as the satellites
moved in elevation angle fromO0.38 to 25 degrees (Baxter and Hodge-
1978) .  Spectral slope was found to be essentially independent of
equi val ent path Iength and nmeasured statistics were well centered
about the theoretical value of -26dB/decade. Figures 6.5-5a and b
present the probability distribution functions of the 2 and 30 GHz
spectral slopes, respectively. Figure 6.5-6 presents the worst-case
confidence limts of distribution of spectral slope froman average
-26. 6 dB/decade, for 50% and 90% of total time. Such an estimate
may be used to directly find the expected fading rates and spectral
conponents due to turbul ence-induced anplitude scintillation. The
data represents clear air statistics over a period of 26 days.

6.5.2.2.4 Estimation of Gain Degradation. The nodel for received
signal anplitude variance has al so been used to derive an expression

for gain reduction, R defined by (Theobold and Hedge - 1978)

<vg2>

R =10 Iog,o .
<Vf>homwwﬂumuan (6.5-3)
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where the constants are the sanme as those defined for the variance
expression, s2. This value for R may then be conbined with
atmospheric gas loss in order to obtain an estimte of average
received signal level for an earth-space path. Figure 6.5-7

presents an exanple of predicted signal levels for 2, 7.3 and 30 G
for antenna beam w dths of 1.8° 0.3°, and 0.15°, respectively. Also
included are neasured signal levels, relative to zenith, fromthe
ATS-6 2 and 30 GHz (Devasirvatham and Hedge-1977) transm ssions and
TACSATCOM 7.3 Gz (MCormck and Maynard-1972) beacons as the
satellites were moving in elevation angle.

6.5.2.3 LOW Angle Scintillations/Fading. At |ow elevations
(typically less than 10 degrees) scintillations and fades occur due
to refractive effects and nultipath effects in the troposphere. In
addition for stations utilizing antennas with significant sidelobe

| evel s intercepting the ground, classic multipath is possible and
shoul d be considered. However, the effects reported here are

general Iy thought to not include the effects of ground-reflected
mul tipath

Because no unified theory for lowangle fading exists, the
design of future systems nust be done by simlarity. As nore data
becones available and nore systens require |ow elevation angle
operation, undoubtedly a lowangle fading theory will be devel oped.

6.5.2.3.1 Presentation of Selected Experinental Results. Concise
summaries of lowangle fading data and long term statistics for a
variety of locations is presented in Tables 6.5-1 and 6.5-2,
respectively. These results are typical of the magnitude of the
effect, however to date no conprehensive nodel attenpts to explain
these effects. A typical plot of the signal anplitude variance at
20 and 30 GHz as observed in Colunbus, Chio between 42 and 2 degrees
is shown in Figure 6.5-8 (conpare with Figure 6.5-2). Because the
di stribution suggested a cosecant behavior, a m ni MUM mean-square-
error curve was fit to the data as noted in Figure 6.5-8.
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Table 6.5-1. Fading Data Predom nantly Due to Scintillation from
Satellites at Low Angles” of Elevation

[CCIR Report 564-1, 19781

[
Location Satellite (degroes) Fading dete
United Kingdom; ATS4 ; 30 GHz 6.5 6.5 (3B) (pesk-to-peak)] Maximum in
Martlesham, Suffolk 33 10 (dB) (peak-to-peak)? turbulent windy
2A 18 (dB) (peak-to-peak)} conditions
0.3-1.2 Occasional deep fades of 20 dB
United Kingdom;
Birmingham ATS6;30 GHz 1-2 Slow enhancements and sudden fades of 20 dB
USA ; Virginia ATS6;20 GHz 9 2-3 dB Before and after light rain
[Stutzman e al, 4,7-5.1 2-7dB Hazy conditions
1978) 45 8-15 dB Pertly cloudy conditions
USA ; Ohio ATS6;2 and 30 GHz 2.8 3dBat2GH:z Maximum effect in
15 dB at 30 GHz cumulus
0.38 7dB at2GH:z clouds
20 dB at 30 GHz
USA; Massachusetts IDCSP; 7 GHz 10 0.03-0.2 dBr.ms.
3 10 dB t.m.s. was observed
occasionally in summer.
Elevation angle fluctuations of up to
0.01° at 3’ elevation ® nd 0.002" at 10° elevation
(r.m 3 values in $-min period).
Canads; Eureks Anik I; 1 Datasimilar. t the two frequencles.
(Strickland . t al, 4 and 6 GHz Fades of 11 end 20 dB predicted for 1%
19771 and 0.1 %of worst month.
United Kingdom; Indian Ocean 6.5 3 dB (peak-topeak) exceeded for 0.3%
Goonhilly Satellite, of time on 4 GHz down-ink, in a 9-month
[Harris, 10771 (INTELSAT IV) continuous measurement,
4end6GHz
USA; Maryland ATS$6; 20 end 2.5-9 1.5 dB(peak.to-peek)819* + increasing
{Ippolito, 19761 30 GHz to 11 dBat 2.5° at 30 GHz. Values st
20 GHz about 40-70% of those at 30 GHz.
Occasional deep fades during light rain,
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Table 6.5-2. Statistical Fading Data Predomnantly Due to Scintillation
and Clear Air Low Elevation Angle Fading

(CCIR Report 564-3, 1986b]

88-9

peak-fo-~dk amplitude exceeded
for given percentages
(dB)
. Location of Antenna Elevation '
Satellite and frequency diameter | Period of measurement Reference
measurements (m) angle Whole period Worst month
01% 0.3% 1y 0.1% 1%
l";‘z“l" zl V-A Q’i'n‘:a’n p | 3 5.4 3.7 3.2 26 42 32 |May 1977-May 1978 [Allnutr, 1985]
ntelsat 1v-A Jutu, 3 35 37 3.2 26 45 33 | July 1979-July 1980 [Allnutt, 1985]
19 GHz Finland ‘
Anik-A Eureka, 4.6 1¢ 20 1" [Strickland et al., 1977}
tand 6 GH2 Canada
. Goonhilly, .
Intelsat-1V . United Kingdom 30 6'5" 3.7 3 26 4 3
$and 6 GHz combined " ) (657")
\to Babhrain)
months [Harris, 1977)
Goonhilly 6.5"
:I“C'éag'gl.-' bined United Kingdom 273 '9“ 4.6 4.3 3.6 6 52
an Z combine Yamaguchi, Japan
1 15
. . {Webber and
7 GHz Ottawa, Canada 9.1 2-3 8 - - Summer period McCormick. 1980]
5 55 - 2.8 - —
oTS Svalbard s a2 65 aq | April-December 1979 Gieberg, 1981a)
1.8 GHz Norway June-August 1980
|
Intelsat-V Chilbolton. 3 8.9° 4 3.4 2.7 - - July-September 1983 (Lo er al.. 1984)
1145 GHz United Kingdom




68-9

AMPLITUDE VARIANCE (dB)

« « 20GHz RECEIVER

0 030 GHz RECEIVER

° 10~ 4%csco? - 8 8 7

10—3-64 (csco)t 904

G , %
4@--~___~___J___g\8__
T

11*'|lllllull|1||ll1|Illll'll'-lll,LJ_l_UI_l_ll_j_L_'

25 30 35 40 45

ELEVATION ANGLE (DEGREES)

Fiqure 6.5-8  Masured Amplitude Variance Versus El evation Angle
J (ngol unbus, ohio) J



Experi mental neasurements of the fade durations at 6 GHz for
fades from Oto 21 aB below the long term nedian are shown in Figure
6.5.9 (Strickland, et al-1977). These neasurements were nade at
Eureka, Canada during the nonth of July 1974 when the noisture
content (N-value) is above the yearly average, This data is
probably typical of continental air nass data. The frequency and
el evation angle scaling factors for this data are not thoroughly
confirmed, but the Tatarski (1961) nodel appears to nodel
experinental results (CCIR-1978, Rpt 718). The variance gPPears to
scale proportional to frequency according to the relation

/6 (6.5-4)
variance = 42.2@ /an(p) p5/6 dp

where p is the distance along the path

The cunul ative distribution for the rate of change of signa
anpl i tude between 0.4 second sanples was found to be identical for
positive and negative-going signals (Strickland, et al-1977). The
measured distribution is given in Figure 6.5-10, but again the
frequency and elevation angle scaling factors are unknown.

6.5.3 Phase Variations

Phase variations arise due to the variable delay as the wave
passes through a nediumw th variable refractivity and also due to
wavefront ripple introduced by the “lunpy” nedium The former is
ternmed phase delay fluctuations, while the latter effect is called
phase scintillations.

6.5.3.1 Estimation of Phase pelay_Fluctuations on Earth-Space Paths.
An expression for the rns phase fluctuation for a finite circular
aperture antenna of dianeter da,

o\ . (6.5-5)
0 = (1 '%;) (2L,1 AN2) -23_51—19-5_
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has been presented by Muchmore and \Weel on (1955). The derivation
empl oys a ray theory approach and assumes an exponental spati al
correlation for the turbulence scale. 9o is in radians, ¢ is the
scale length of the turbulent eddy, Lt is the path length through the
turbul ence, A is wavelength, and Anz is the nean-square fluctuation
inthe refractivity N Wen using this expression, one should only
assune val ues of ¢ and An2 such that

5m < %ANZ < 500m. (6.5-6)

The results of using this relation at the limting values of
eAN2 for 3 and 10 GHz are presented in Figure 6.5-11. Typica
values of ¢ are 60 meters and Anz = 1/2. This modeyt indicates that
t he phase delay fluctuations increase linearly with frequency and
become significantly less if the antenna dianeter approaches the
scal e length.

Anot her technique for estimating these phase delay fluctuations
based on the nonthly variance of the surface refractivity and
estimates of the frequency spectrumof the delay fluctuation have
been made by wNusple, et al (1975).

6532 Estiate of Phase Ripple Effects on Earth- Space Paths.
Acconpanying the anplitude scintillations of a plane wave
propagating through tropospheric turbul ence are transverse phase
ripple variations. According to the theory of Tatarski (1961) the
mean- square phase variation over a distance transverse to the
propagation path is.:

Dg(pp) = K, Cno2(2m/A)2 Lppy5/3 (6.5-7)

where X is wavelength, Lt is the propagation path [ength through the
region of turbulence, and C,is the surface structure constant. The
constant Kis equal to 2.91 for the exponential c2, nodel (Tatarski-
1961) and equal to 4.57 from Onhio data (Theobold and Hedge-1978).
This expression may be used to estima:~ the expected nean-square
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phase variation between two points separated by a distance pe normal
tothe di rection of propagation, given an estimate of C,..

Clearly, this phase incoherence appears as an apparent antenna
gain degradation. Measurements made with a 22 mdianeter antenna at
5 degrees elevation angle and 4 and 6 GHz indicate a0.2 0.4 @B
degradation (vokoi, et al-1970). A 7 neter dianeter antenna at 5
degrees elevation angle and 15.5 and 31.6 GHz yielded a gain
degradation of 03and 0.6 dB, respectively (Yamada and Yokoi-1974).
This effect is clearly nost pronounced for |arge antennas, high
frequencies and el evation angles bel ow 5 degrees (cCIR 1986b, Rpt.
564-3) .

654 Angle-of-Arrival Vari ati on

The average ray bending (mean deviation fromthe geonetric or
vacuum | i ne-of -si ght) along a slant path has been estimted by a
linear relation to the surface refractivity (Crane-1976a).

Estimates of the apparent fluctuations of ray direction or the
angle-of-arrival are given below. Because they are assumed to arise
solely due to refractive effects the variations are symmetri cal

about the direction of propagation and the fluctuation frequency is

of the order of the tinme for the turbulence length to pass through
the beam

The Muchrmore and Weel on expression for the rms angl e-of -arrival
fluctuation in radians is

(6.5-8)
x 10-6

2th,E$1”2
0, =
0 !

where all paraneters are as previously defined. A Gaussian

correlation function for the scale of turbul ence was assuned and one
shoul d inpose the limts

e (6.5-9)
2X 0'4m‘1 < /XI@ /L 2 X 102 1
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Figure 6.5-12 is an exanple for this expression, within the stated
range of Anz/¢, for an earth-space propagation path through a
turbulent region of height 5 km Note that gz is directly
proportional to path length and independent of operating frequency.
Also, 09 decreases with increasing eddy size, ¢, while phase
fluctuation og increases with increasing eddy size.

Esti nmat es (CCIR-1986b, Rpt. 564-3) indicate that the short-term
variations in the angle-of-arrival may be of the order of 0.02
degrees (0.37 milliradians) at 1 degree elevation. This is higher
than the theory predicts (see Figure 6.5-12), but the effect does
decrease rapidly with increasing elevation angle. Crane (1976)
reports values of og within the bounds of Figure 6.5-12 for 7 Giz
measurenents made at varying elevation angles with a 37 m dianmeter
ant enna.

CGeneral ly, for beammi dths greater than 0.01 degree and el evation
angl es apove10degrees, the angle-of-arrival fluctuations are
masked by other fluctuations.

6.5.5 Fading and Gain Degradation Design |nformation

6.5.5.1 Fade Distribution Function Estimation. The estimtes of
gain reduction and signal variance paraneters, R and s2, have been
presented. These quantities may be incorporated into distribution
functions which are of the formused in Iink design. They represent
the long term average fade statistics due to clear air anplitude and
angle-of-arrival fluctuations. The estimtes of R and sz may be nore
closely matched to local and seasonal conditions if a local estimte
of c,2is available. A hypothetical [ow elevation angle fade
distribution is presented in Figure 6.5-13. The abscissa is
referenced to the signal level received in the absence of

turbulence, i.e., i ncluding free space | oss and gaseous absorpti on.
The point at which the signal level is Raeis also the mean of the
recei ved signal; thus, one point on the fade distribution is
established. The fade distribution for turbul ence-induced
fluctuations is assumed to be |og-normal, Wth nean and median being
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equal. The fade distributions resulting fromthe Chio State
University ATS-6 30 GHz beacon neasurements (Devasirvatham and
Hedge-1977) indicate that this |og-normal assunption is valid for
el evation angles above approximately 2°. A simlar observation was
made -concerning the 7.3 GHz fade distribution above 4° elevation
angl e observed by MCorm ck and Maynard (1972).

A fade distribution may now be produced using this assunption of
linearity. Referring to Figure 6.5-13, it was noted that the point
at which the received signal level is R dB represents the nmean
signal level. For a normal distribution, ,the nean is plotted at the
50% time abscissa exceeded point, indicated by 1in the figure. One
standard deviation to the right of the nean on a normal distribution
occurs at the 15.9% tinme abscissa exceeded level. It may be easily
shown that the standard deviation of received signal |evel
expressed in ds and denoted Ovggr may be witten in terns of the
signal variances sz, This point, Ovgs, to the right of R is denoted
by 2 in the figure. A straight line drawn between points 1 and 2
now approximately represents the fade distribution, referenced to
the nmean signal level in the absence of turbul ence induced
fluctuations. This distribution was based on small fluctuation
arguments and shoul d be enployed as a | ower bound when estimating a
particular fade distribution

Deviation of this fade distribution fromthe expected formwll
occur at small time percentages. Additional fading due to
precipitation, abnormal refraction, or inversions in the atnosphere
wi |l cause greater fade depths for the small tine percentages
However, the turbulence effects, which are always present, are stil
dom nant for larger time percentages. For high elevation angles,
I.e., short path lengths, sz will be very small and the |ine drawn
through points 1 and 2 will be virtually vertical

However, the precipitation effects at the |ower percentages wll
still be present for short path length cases and will becone the
dom nant feature of the fade distribution.
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6.5.5.2 @in Degradation pesign | nformation.

6.5.5.2.1 Estimation of Dommins. The effects of anplitude and

angl e-of -arrival fluctuations are, of course, nost prom nent for
very long path lengths and/or very narrow beamwi dths. One may
estimate whether or not gain degradati on need be considered in a
path design if elevation angle (or equivalent path |ength) and
antenna beammi dth are known. Figure 6.5-14 presents regi nes of
average gain degradation between 0.5 and 3 dB and where they nust be
considered as a function of elevation angle and antenna beamwidth.

Real i zed gain, or expected gain |ess gain degradation, is
plotted as a function of antenna beamwi dth (for any frequency) or
equi val ent aperture dianeter at 30 Gz in Figure 6.5-15. Al
equi val ent aperture diameters are presented for an antenna aperture
efficiency of 0.6. The curve representing zero path length Lt is
simply the comon gain approxi mation G = 41253/B2 Where B is the half
power beamwidth in degrees. Realized gain curves for path |engths
of 50 to 300 km are plotted using the nodel. Equivalent” earth-space
path el evation amgles assumng a 6 km hi gh honmogeneous atnosphere
are presented in parentheses.

Notice that gain degradation due to turbul ence-induced
fluctuation is negligible for beamw dths w der than about 0.7° for
all path lengths. Degradation effects then gradually increase as
beamwi dth narrows from 0.7° to 0.05° and at any particular beamu dth
are approximately directly proportional, in 4B, to path length. As
beamw dt h narrows beyond 0.05°, a saturation effect occurs and the
degradati on becones constant for any one path length

Al design figures of Section 6.5.5 represent estimates for
clear air effects in a tenperate climate during daytime and in the
war ner nonths of the year. |f a local value of €2, is known, nore

accurate values of R and s2 may be obt ai ned. If local statistics of
C2,areknown,statistics of R and sz may be obtai ned.
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6.5.5.2.2 spatial Di versity. Paths operating at very |ow elevation
angles with narrow beamm dth antennas may experience unacceptable
fading due to scintillation and multipath effects. The required
reliability may be regained by the use of spaced site diversity. A
site separation greater than 300 m transverse to the propagation
path has been suggested (ccir-1986b, Rpt 564-3) as necessary to
alleviate severe turbul ence-induced effects. In effect, separation
on the order of or larger than the scale size of the |argest

I nhonogeneities in refractive index along the propagation path, and
especially near the surface where refraction is greatest, results in
decorrelation of the instantaneous signal fluctuations and hence

I mproved performnce.

The aperture effects of large antennas may be circunvented if
several phase-locked antennas, each with relatively w de beamwidth,
are enployed in an array to achieve the desired systemgain. O
course, overall fade margins will be on the order of that for a
single element, but angle-of-arrival effects are elimnated. In
addition, such an array alleviates the need to mechanically track a
geosynchronous satellite, as is necessary with large aperture,
narrow beama dt h antennas.

6.5.6 A sample Conputation of signal Fluctuations and Gain
Degr adati on

In this section examples of the parameters described in Section
6.5 are worked out for a hypothetical ground station |ocated at
Col unbus, Chio with a 4.6m (15 ft) dianeter parabolic antenna
observing a 28.56 GHz coMSTAR beacon at 10 degrees el evation angle.
Actually, the comsTArR satellites are not at that [ow an angle, but
in order to denonstrate the effects of gain reduction this value has
been arbitrarily selected.

6.5.6.1 Anplitude Fluctuations. The variance of the received
signal anplitude is calculated using the expression in Section
6.5.2.2. The full half-power beamwidth B in degrees is 70h /dg = 70

c/fdy « (70)(3x108m see)/(28.56x10gsec’1) (4.6m) = 0.16 degrees. The
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path length of the turbulence Ly is conputed fromhe = 6 km, re
6371 kmand 8 = 10 degrees using the equation

Ly = h% + Zreht+(resin93]1/2 - resing = 34 km (6540
The other constants are:

LO = 180 km

82, = 1.18 x10-3

62 = 8.35 x10-4

I; "0.17

I = 0.83

and the signal variance relative to the average power is

2 9.79 x 107 + 0.143 - 0. 14297
$° =10 Yogyy =—""pF3 v 0,14 —

= 10 logyy (2.03 x 107) = -27 o8

Note that this agrees well with the results in Figure 6.5-2.
Reference to Tatarski (1961) would have all owed evaluation in terns

of c2, rather than the formulation by Theobold and Hedge (1978)
utilized here.

Reference to Figure 6.5-4b indicates that 50% of the time the s2
woul d be between -24 and -30 dB, while 90% of the tinme S2 would pe

bet ween -20 and -34 gs.

The power spectrumdensity of the fluctuations decreases at 26.5
dB/decade (See Figure '6.5-6). |f one considers sone |ower -

frequency cutoff for the anplitude fluctuations (say 0.1 Hz) the
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fluctuation power at 1 Hz is on the average 26.5 aB bel ow the val ue
of 0.1 Hz. Only 10% of the tine will the 1 Hz fluctuation power be
only 10 @B below the 0.1 Hz fluctuation power. cClearly, nost of the
fluctuation power for clear air fluctuations is at the |ow
frequencies (less than 1 Hz).

6.5.6.2 Phase and Angle-Of-aArrival Variations. Phase fluctuations
are estimated fromthe nodel of Muchmore and \Weel on (1955)
presented in Section 6.5.3. Data quoted in Michnore and \eel on

i ndicate typical values for ¢= 60m= 200 feet and AN2 1,2, Thus
¢AN2 = 30 neters.

For a finite circular antenna of 4.6 m dianeter, the rms phase
delay fluctuation is 0.85 radians = 48 degrees. For a Cno 10-14,
the phase ripple fluctuation across the antenna is very snall

The estimate of the angle-of-arrival fluctuations in radians
(see Section 6.5.4) is calculated to be 3.2 x 10-5 radians = 1.8 x
10-3 degrees. This is a small nunber conpared to 0.16 degree half-
power beamwidth of the antenna. Also note that the limts on Anz/¢
= 8.3 X 10-3m-1 are not exceeded.

6.5.6.3 Prediction of the Average Received Signal Gain Reduction.
The average received signal reduction is calculated using the same
paraneters required for calculation of the anplitude fluctuations.

Using the relation in Section 6.5.2.2.4.

(0.83 + 0.17(0.84))

1-0 =-0.12 dB

Thus during clear weather this comsTar beacon will on the average be
0.12 4B bel ow the val ue cal cul ated considering clear air attenuation
only. This sane value could be estimated from Figure 6.5-15.
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The long-term average distribution in Figure 6.5-13 is now
constructed fromR and s2. The point 2 (15.9%point) is found to be
20(logioe) 10-Is2l720 = 0.39 a8 which is the Standard deviation of the
receiver voltage taken from a square |aw detector

6.6 PREDI CTI ON OF DEPOLARI ZATI ON ON EARTH SPACE PATHS

6.6.1 Introduction

Depol ari zation refers to that effect wherein an earth-space
wave's polarization is altered in the troposphere. Depolarization
is also referred to as cross-polarization. For linearly polarized
waves a vertically (horizontally) polarized wave will, after passing
through a medium have a horizontally (vertically) polarized
conponent in addition to the initial wave. For circularly polarized
waves a RHCP (LHCP) wave will develop into an elliptical wave. For
frequency reuse systens based on polarization isolation this
coupling reduces isolation and increases “cross-talk.”

6.6.1.1 Sources of Depolarization. The major source of
depol ari zation at frequencies below 10 Gz is Faraday rotation of

the plane of polarization by the Earth’s ionosphere. Faraday
rotation nmay be as much as 1° of rotation at 10 Giz. It is

di scussed in a conpanion publication of propagation effects at
frequencies below 10GHz (Flock, 1987).

At frequencies above 10 GHz, the prinmary sources of
depol ari zation are tropospheric and are due to the presence of

hydrometers (rain, ice, snow)
.mul tipath
refractive effects

These hydroneter and scattering effects generate depol arization
because of the non-spherical shapes of the hydroneter particles.
For exanple, as raindrop sizes increase their shape departs from
spherical and becomes-an oblate spheroid with an increasingly .
pronounced flat bottom For large drop sizes a concave depression
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devel ops (Pruppacher and Pitter-1971). Polarized microwave energy
scattered from these particles can easily be converted into an
orthogonal polarization.

6.6.1.2 Measures of Depolarization. The neasurement of

depol ari zation by propagation researchers usually has been done

utilizing orthogonally-polarized feeds on a single antenna while
observing singly-polarized satellite signals. This paraneter is

called the cross-polarization discrimnation (xpb) Or cross-

pol arization ratio (xpr) defined as (Bostian, et al-1977)

XPD = power Output from co-polarized port
power output from cross-polarized port

i}

(XPR)-1

For perfect transmtting and receiving antennas and a perfect nedium
this isolation could becone, infinite, but with practical conponents
sone | eakage is always present. Definitions and sanple cal cul ations
of depol arization ternms have been well docunented in a tutorial
report by Stutzman (1977).

Unfortunately, the system designer desires the cross-polarization
I solation (xp1) termdefined as

XPl (aB) = co-polarized signal power (dB)
- cross-polarized signal power (dB) on the same channel

Fortunately, for nost levels of attenuation observed, XPl = XPD =
(XPR)-1 (WAt son and Arbabi-1973).

6.6.1.3 Depolarization Measurenents. Mst experinmental

depol ari zation data has been obtained fromthe 11.7 GH right-hand
circularly polarized Conmunications Technol ogy Satellite (crs)
beacon, the 19.04 and 28.56 GHz l|inear polarized AT&T COMSTAR
satellite beacons, and the 11.6 GHz circularly polarized sirIoO
beacon.
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6.6.2 Rain Depolarization

6.6.2.1 Depolarization Versus Attenuation Relations, Correlation
of depolarization with rain rate has not been too successful because
of the many parameters required for these calculations. However,
experinentally and analytically (Nowland, et al-1977a) it has been
observed that rain-induced depol arization can be related to total
attenuation by the formla

XxPD= 3 - Blogyy (A) (6%6-1)

where XPD is the cross-polarization discrimnation in dB and Ais

the “total attenuation in 4B due to rain (not including the clear air
attenuation) . & and b are enpirical constants.

6.6.2.1.1 CCOR Approximation. The cCIR (1986b, Rpt. 564-3) has
devel oped anal ytical approximations for the enpirical constants &
and b whi ch give reasonable agreement for the XPD with existing
theory and available data. The relationships are,

& = 30l 0og(f) - 10 109, [0.516 - 0.484 cos(47)]
- 40 log (cos®) + 0.00520° (6.6-2)
and
b = 20 for 8 sf < 15 Gz

(6.6-3)
= 23 for 15 <f < 35 G4
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wher e:

—
1

frequency, in G

3
1

polarization tilt angle with respect to the horizontal, in
degrees (7 = 45° for circular polarization)

e = path elevation angle, in degrees

¢ = standard deviation of the raindrop canting angle, i n degrees

The above relationships are valid over the ranges:
8 < f < 35 GHz

6 < 60°

0° < 71

A

90°

Recommended val ues for the standard deviation ¢ are:

Percent of Tinme U
1. 0% 0°
0.1% S0
001% 107
0.001% 15°

The above results do not include the effects of ice depolarization

A CCR factor for ice induced XPD is discussed later in Section
6.6.3.3

66212VPlI & SU and Univ. of Texas Results. The Virginia

Pol ytechnic Institute and State University (vepissu) have anal yzed
their CTS (11.7 GHz) and coMsTAR (16.04 and 28.56 GHz) beacon
depol ari zation data in two manners. The first technique is to
conpare the measured cumulative XPD with the measured cumulative
rain attenuation statistics. These results are terned the
statistical depolarization results. The second technique pairs
“instantaneous” (half-mnute) intervals of data for both parameters
and snooths the data to obtain & and k.
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The results of these two techniques for 11.7 GHz data both from
vPIssu and the University of Texas (c.w. Bostian, et al-1979) are
shown in Figure 6.6-1. Cearly these results indicate a w de spread
of val ues have been obtained to date even though they are averaged
over an entire year. The attenuation has been truncated at 5 dB
because of the effects of ice depolarization (see Section 6.6.3).

VPI&SU has also related the XPD to attenuation for each nonth of
1978 for which 5 dB or greater fades occurred. These & and b
results are shown in Table 6.6-1 for the nunber of half-mnute
sanples indicated. The Rterm a correlation coefficient, is a
measure of the goodness of the fit. The wide variations noted are
simalar t0 those observed by other investigators.

Additional data fromthe University of Texas at Austin (Vogel -
1979) incorporating exceedance values is presented in Figure 6.6-2.
These curves show the 10% 50% (medi an) and 90% expectation of
exceeded isolation for each attenuation. For exanple at 5dB
(meaning 4 d8 < A <5 dB) the XPD exceeded 23 aB for 90s%, exceeded
28 aB for 50% and exceeded 33 aB for 10% of the data. The
logarithmc fit to these three curves is

10% : XPD - 42.9 - 17.5 logioA
50% : XPD - 35.8 ~ 13.4 logjeA
90% : XPD - 31.5 ~ 12.6 logiohA
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30 I

11. 7 gHz DATA, CTS

= A VPI&SU 1978 STATISTICAL

L B VPI&SU 1978 INSTANTANEOUS

C U. OF TEXAS 10/784/78 STATISTICAL

i

D U. OF TEXAS 2/78-1 /79 STATISTICAL

XPD (dB)

ATTENUATION (dB)

Figure 6.6-1. Cross-Polarization Discrimnation Versus Attenuation
for Statistical and Instantaneous Data
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Table 6.6-1. Least- Mean Square Fits of Depolarization

Coefficients by Mnth
XPD = @ — b logi0A §5< A< 30dB VPI&SU 1978 CTS DATA

NO. OF 1/2

MONTH a b R2 IN¥E§¢EiS
JAN 30.79 2.62 00 22
MAR 51.18 36.18 83 309
| MAY | 49.01 27.93 90 30
JUNE 38.42 17.53 . 56 38
JULY 42.23 21.94 .80 74
| AUG | 4731 25.99 47 28
SEPT 64.20 51.93 .32 60
NOV 27.59 411 04 7
| vEAR 36.29 16.22 36 524

T

Is}

20F

30|-

0 ::" OF oaa HAVE XM
x B0% ( ExCEEDING ORDINATE
o 10%
s - CTS, 11.7 GHz
80 DEGREE ELEVATION ANGLE
AUSTIN, TX
40t i 1 i 1 1
0 [ 10 111 20 2s 30

Attenuation (dB)

Figure 662 Twelve Mnth Isolation Versus attenuation Data
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for the 11.7 GHz CTS beacon at 50 degrees elevation angle

6.6.2.2 Frequency Scaling Depolarization Measurenments. The
Virginia Polytechnic Institute and State University (Bostian, et al-
1978, 1979) has al so nmade sinultaneous neasurenents of the

depol arization at 19 GHz vertical and horizontal and 28.56 GHz using
t he comsTarR beacons. Their results for 1977 and 1978 are given in
Tabl e 6.6-2.

Table 6.6-2. Cross-Polarization Discrimnation Versus Attenuation
(Least - Mean- Square Fits)

Blacksburg, VA Elevation Angle =90
Period Frequency/Polarization XPD = 3 - b 10919 (A
Aug 1977 11 GHz, RHCP (CTS,6 = 33°) XPD "44*7 - 22.6 1og]O(A)
1978 11 GHz, RHCP (CTS) XPD = 36.3 - 16.2 logyq(A)
Aug 1977 19 GHz, vertical (COMSTAR,§ = 44°) XPD~47 - 24.570gqq(A)
Sept 1977 19 GHz, horizontal (COMSTAR) XPD= 37.1 - 20.0 logyq(A)
1978 19 GHz, vertical (COMSTAR) XPD = 43.9 - 16.6 l0gyo(A)
Aug 1977 28 GHz, vertical (COMSTAR) XPD = 364 - 15.4 logyg(A)
1978 28 GHz, vertical (COMSTAR) XPD =312 - 7 Yogyq(A)

The analysis of Nowl and, et al (1977a) may be utilized to show
the expected frequency dependence of the coefficients & and b in XPD
= 8 - b logyp(A). Using Equations 11 and 12 of Now and, et al

(1977a) and many of the constants in the paper, the solid curve was
derived in Figure 6.6-3. The dashed curve was derived using the
effective path length L, = 12.82r-0.3 and the specific attenuation

in Section 6.3. Several experimental data points are shown, but

6-111



7
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CANTING ANGLE DISTRIBUTION, PR s
m=0.84
60 | "

% O EXPERIMENTAL DATA
£ § VA = BLACKSBURG, VA
I;zn TX = AUSTIN, TX
()
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3 M O™ RHCP, VA 1977
§ O va, ».,0 VERT, VA1g78
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12[‘ ] 1 1 1 1 1 | )
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FREQUENCY (GHz)
Figure 6.6-3. Frequency Dependence of the Coefficients in the

Cross-Polarization Discrimnation Relation
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these do not correlate well with the theory (possibly because of the
pol ari zation dependence of &) . The inportant results of these

figures are that & increases with increasing frequency, while b
appears to be relatively constant. In the relation XPD = & - b
logio(A) this would inply that the XPD increases with increasing
frequency, but because of the rapid increase in A with frequency,
XPD will actually decrease for increasing frequency and noderate

rain rates.

Chu (1980) has found linear relations between the XPD and
frequency throughout the 10 to 30 GHz frequency range.
Specifically, XPD (expressed as a nunerical ratio) is directly
proportional to frequency for a fixed rain rate, and is inversely
proportional to frequency for a fixed value of rain attenuation.
Bostian (1979b) confirns this linear relation between the XPD (f1)
and xpD(fz) from his nmonthly COVSTAR data for 1978, but, the val ue
XPD(f2)/XPD(f;) varies from nmonth to nonth.

6.6.2.3 Elevation angle Dependence of Depolarization. In the US
and Canada depol arization neasurements have been obtained at

el evation angles from 10.7° in Blacksburg, VA (Bostian, et al-1986)
to49°at Austin, Texas (Vogel-1978). The general dependence of
versus A on elevation angle 6 can be obtained from the theoretical
results of Nowl and, et al (1977a). Note that both the coefficient a
and the total attenuation A depend on elevation angle.

The el evation angl e dependent results of Nowland, et al (1977b)
11.7 GHz (experinental data) are shown in Figure 6.6-4. Cearly the
a coefficient is elevation angle dependent, however the experinental
data does not confirmthis fact. The b coefficient appears to be
nearly independent of elevation angle and does appear to agree wth
the limted data base.

Chu (1980) has observed that the differential propagation
constant for depolarization is governed by a cos20 relation.
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Figure 6.6-4. Elevation Angle Dependence of the Coefficients in the
Cross-Pol ari zation Discrimnation Relation
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However the XPD dependence on elevation angle nust ‘also take the
effective path length effect into account (Chu-1974).

6.6.2.4 Phase Variations During Rain-Induced Depolarization Events.
At Blacksburg, VA (Bostian, et al-1977) neasurenents have been made
of the phase difference between the co-polarized signal conponents.
This phase difference has been observed to both decrease and

I ncrease by about 150 degrees for 3 dB fades and then not change
significantly for higher attenuations: The phase difference has
al so been observed to increase and then decrease in the sane storm
The mechanism for this plateau at 150 degrees and why the sign
changes remains unexpl ai ned.

6.6.3 lce-Crystal Depolarization

6.6.3.1 Meteorological Presence of Ice. Ice crystals form around
dust particles in shapes influenced by the anbient tenperature. In
cirrus clouds they may exist for an indefinite time, but in
cunul oni mbus clouds they follow a cycle of growth by sublimation
falling and melting in the |ower reaches of the cloud (Bostian and
Allnutt-1971b) . Radio, radar and optical observations all confirm
that cloud ice crystals possess sone degree of preferred orientation
related to the orientation of the electrostatic field. The crystals
range in size from0.1 to 1 nmand concentrations range from1o3 to
106 crystals/m3. The variation in concentration and occurrence of
events may be due to the variation of “seed” nuclei in various air
masses. For exanple continental air masses contain nore dust nucle
than maritine air masses and so occurrences of ice-crysta
depol ari zation occur nore frequently at inland ground stations.

This general trend has been observed between observations at the
Virginia Polytechnic Institute and State University (inland, nost
frequent), University of Texas at Austin (intermediate) and Bel

Tel ephone Laboratories (maritine, |east frequent).

66321 ce-Crystal Depolarization Measurenents. lce particles

wel | above the height of the melting layer may have significant
cross-pol arization effects even for small values of attenuation
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(typically below 3 to 5 aB at 11.7 GHz). This effect is believed to
contribute to the poor correlation between the excess attenuation
and the cross-polarization discrimnation at these |ow val ues of
attenuation.

In Austin, TX (Vogel-1978, 1979) ice depol arization was
associated with either thunderstornms during the sunmer nonths or
with clouds in the presence of polar air masses during the winter,
An exanpl e of the percentage of tine that XPD was |ess than or equal
to the abscissa given that the excess attenuation was |ess than or
equal to 1 a8 is shown for the 18 month period from 12 June 1976 to
31 January 1978 and the period February 1978 to January 1979 in
Figure 6.6-5. This curve shows that during 1976-78 45 per cent of
the tine that the XPD was | ess than or equal to 35 dB, there was
l ess than 1 dB of attenuation; 24 per cent of the time that the XPD
=30dBt heA= 1 a8 and 12 per cent of the time that XPD = 25 4B
the A; 1dB. In contrast, using the rain depolarization relation
for 1 aB yields XPD = 40 dB. Therefore systens requiring 30 dB or
more XPD shoul d expect a significant nunber of depolarization events
due to ice.

Al'so, it has been observed (shutie, et al-1978) that at 30 G
ice crystals yield a constant value (typically 90 degrees) of the
rel ative phase angle between the crosspolar and copolar Signals as a
function of XPD as shown in Figure 6.6-6. The corresponding polar
plot for a heavy rain event is shown in Figure 6.6-7. In this
case the XPD was reduced by signal attenuation and the signal to
noise ratio of the relative phase neasurenment decreased as the XPD
decreased. This effect appears to increase the scatter of the phase
angle with decrease in XPD.

English investigators have also noted that rapid changes in
rel ative phase and XPD are observed in thunderstorms and are
associated with realignment of the ice crystal orientation by the
electrostatic fields. In electrically-active storms, these
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Figure 6.6-5. Contribution of Ice Depolarization to all
Depol ari zation Events
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Figure 6.6-6. Polar Plot of the Cross Polarization Discrimnation
Arising froman Ice Coud
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Figure 6.6-7. Polar Plot of the Cross Polarization Discrinmination
Arising froma Heavy Rain Event
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electrostatic fields discharge rapidly resulting in” rapid relative
phase shifts of 180°, and rapid decreases in XPD of 27dBin20

seconds (shutie, et al-1977)’ have been observed at the occurrence of
a lightning flash. An exanple of this is shown in Figure 6.6-8
where the spikes in the relative phase occur for increasing XPD and
result in |large phase changes.

The spectra of rain and ice-induced crosspolarized signals have
been anal yzed (Hayworth, et al-1977) and it appears that a
cancel lation systemwith a 10 Hz bandwi dth would track the majority
of depolarizing events. However this bandw dth is probably
insufficient during the sudden realignment of ice crystals in
t hunderstorns and in nonelectrically active precipitation. A
suggestion has been nade to consider use of a dual tine constant
system to acconmodate all likely events.

For ice crystal depolarization the crosspolar phase shift is
usual |y 290 degrees of the copolarized signal and so differential
attenuation dom nates the XPD variations. This effect was displayed
in Figure 6.6-6. However depending on the frequency, rain-induced
XPD variations predomnantly shift the phase near 20 GHz and bel ow
and induce differential attenuation from 20 to 60 GHz (Hogg and Chu-
1975).

6.6.3.3 COR Estimation for Ice Depolarization. The CCIR (1986b,
Rt . 564-3) has provided an enpirical factor, CicelP)s for estimtin9
the contribution of ice deplarization at the percent of time pin
terms of XPDrain(p), the cross polarization caused by rain. The
resulting rain + ice XPD athe percent of time p. XPDr(pP), i S then
determ ned from

XPDT (p) = XPDraln(p) - Clce(p) 'in dB (6.6-4)

wher e,

0.3 +0.1109, P
¢, (P) = 5 2 XPD,,,(P) (6.6-5)

6-119



Ther ef or e,
xep; (p) = (0.85- 0.05 log, P) XPD,(P) (6*6-6)

This result, in conjunction with the CCIR estimation procedure for
rain depolarization presented in Section 6.6.2.1.1, can be used to
determine a total XPD distribution for a given set of link

par amet ers.

6.64C her Sources of Depol arization

6.6.4.1 Snow Depolarization. Snow depolarization occurs duri ng
both the winter and sumrer months. During the summer nonths snow
exists above the OC isotherm During winter, as the isotherm

| owers, the thickness of the snow | ayer increases and the

depol arization due to rain decreases.

In Canada (Hendry, et al-1976) tests using circularly polarized
diversity radars at frequencies near 2.9 GHz (10.4 cm wavel ength)
and 16.7 GHz (1.8 cmwavel ength) at an el evation angle of 3.2
degrees have diagnosed storns during both sumer and winter. During
June snow occurred during a stormfrom?2.6 to 8.2 kmaltitude and
yielded a differential phase shift of 0.36 deg/km at 2.9 GHz.

Wnter data taken at 16.7 GHz gave nore variable results of 0.16 to
1.17 deg/km for noderate to heavy snowstorns ranging in altitude
from70 mto 2.6 km The nmean value of differential phase shift was
0.69 deg/km at 16.7 GHz.

6642Mil ti Path Depol ari zation. The cross-polarized pattern of a
parabolic reflector antenna normally has its peak at small angles
off-axis. This allows oblique indirect rays, which may be present
on earth-space paths at |ow elevation angles, to produce a
significant cross-polarized conmponent. Measurenments have been made
on terrestrial links at 11 GHz (Watson et al-1973) and 22 GHz
(Turner-1973). The magnitude of the indirect signal reflected from
the earth can be roughly estimated fromthe data in Lord and Qi ver
(1946) taken near 3 GHz.
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6.6.4.3 Refractive Effects. Variations in the radio refractivity
(dielectric constant of tropospheric |ayers) can cause rotation of
the polarization plane of the rays refracting through the |ayers.
This condition will occur for layers which are not perpendicular to
the vertical plane containing the transmtter and receiver as
described by LeFrancois, et al (1973).

6.6.5 Prediction of Depolarization Statistics

This section presents a summary of the procedure for devel oping
a prediction of depolarization statistics, in the formof the
cunul ative distribution of XPD, for rain and ice-particle induced
depol arization on a slant path. Figure 6.6-9 shows the methodol ogy
for developing the statistics. The XPD prediction requires the
curmul ative distribution of rain attenuation, either as measured or
cal cul ated fromone of the methods described in Section 6.3.

The coefficients & and b are determned at each percent p from
the CCIR procedure, Eq. 's 6.6-2 and 6.6-3, for the given frequency?
el evation angle, and polarization tilt angle (STEP 1). The rain
i nduced XPD is then determned fromthe coefficients and fromthe
rain attenuation distribution by Eg. 6.6-1 (STEP 2). The
contribution fromice particles is determned fromthe ccir
relationship, Eq. 6.6-6( STEP 3).

The procedure is valid in the frquency range 8 < f < 35 G.
Qutside of this frequency range, attenuation statistics are not
useful in predicting XPD statistics. For frequencies bel ow 8GHz,
rel ationships between XPD, point rain rate, and effective path
| engt h have been enpl oyed (see oOguchi-1977, Kobayashi-1977).

Long term XPD statistics obtained at one frequency and

pol arization tilt angle can be scaled (STEP 4) to another frequency
and polarization tilt angle using the seni -enpirical relation (ccir
Rt . 564-3, 1986b),
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XPD,= xpD, - 20 1log

[ £, JT - 0.484(1 + cos 472
P £ & 0.484(1 + OC5 41 1

6.6-7
for 4 5, f.e30 Gz )

where XpD; and XPD; are the XPD val ues not exceeded for the same
percentage of time at frequencies f1 and fz2 and polarization tilt
angl es u and 2, respectively. The above can be used to scale both
rain and i ce depolarization, Ssince it has been observed that both

phenomena have approximately the sane frequency dependence at
frequencies |less than about 30 GHz.

Figure 6.6-10 show a sanple calculation of the XPD procedure
devel oped from cunul ative attenuation statistics for Rosman, NC with
the ATS-6 20 GHz satellite beacon. The attenuation statistics were
obtained from the distribution extension technique described in
Section 6.3. The curve |abeled DEPCLARI ZATI ON presents the XPD
calculated fromthe procedure of Figure 6.6-9, with both the rain
and rain + ice predictions shown.
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Figure 6.6-9. Technique for Prediction of Depolarization Statistics
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6.7 DI SPERSI ON AND BANDW DTH COHERENCE EFFECTS

VWen the dispersion of the propagating mediumis sufficiently
hi gh, the phase and/or anplitude of w de-bandw dth transm ssions nay
be selectively altered, causing a variation or reduction in the
coherence bandwi dth of the transmtted signal. Both tropospheric and
I onospheric effects have been predicted and observed. This section
reviews the analytical and experimental results for both
tropospheric and ionospheric induced effects on radi owave paths
operating above 10 GHz.

6.7.1 Tropospheric Effects on Bandw dth Coherence

6.7.1.1 Amplitude Vari ati ons

Theoretical estimtes of the degradation of pulse shapes through
rain have indicated that only ninor effects are observed. The
cal cul ations (Crane-1967) indicated that pulse distortion does not
becone significant until totairain attenuations of the order of 100
ap are encountered. Since current link margins do not allow such
high attenuations, the link will fail due to signal attenuation
before pul se shape degradation affects transm ssion.

Amplitude variation with frequency becones significant at
frequencies in the vicinity of nolecular absorption bands, such as
the 50-70 GHz oxygen absorption band. The greatest dispersive
effect would occur at the individual absorption lines which are
quite narrow (Liebe -1955). However, due to the great path
attenuation present at these frequencies, it is not |likely they
woul d be used for earth-space conmmunicati ons.

For rain the frequency dependence of the specific attenuation

(db/km) i s

%@ 4 anr) & (6.7-1)
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where, for exanple, for the frequency range froms.s to 25 G
(O 'sen et al-1977)

sa _— 4 £1.42 6.7-2
3 - 1.02 x 10-'f ( )
3b _ -1.0778 -
5§ =-0.11f¢ (6.7-3)
For exanple, at 20 Gz and R = 25 mm/hr,

a ~5.93 x 1072

b=1.12

jda -3
% _7.18 X 10
db -3
b - 4,36 X 10

i = 2.18 db/km
SO

8¢ = 0.23 dB/ (km-GHz)

or for a typical effective path length L.,= 6 km

3(aL,) _ a0 _
af‘ = L, 3¢ = 1.38 dB/GHz

6.7.1.1.1 Experimental Results. The ATs-6 beacons at 20 and 30 GHz
were both capable of being nodulated with *18o0, 360, 540 and #720
MHz sidetone signals. Typical selective fading events across the
1.44 GHz bands are shown in Figures 6.7-1 and 6.7-2, respectively
(WEC-1975). These are four-second averages taken on day 270 of 1974
just before the onset of a fade event (2300002) at the begi nning of
the fade event (2323522), and before receiver |ock was |ost during
the fade event (232428Z). Except for fade depths in excess of 20
dB, the accuracy of the attenuation neasurenents is +1 dB. These
rain fade results, while representative of those taken at Rosman, do
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not appear to be sufficiently accurate for deep fades because the
signal levels approach the noise floor of the receiver. For
one-nminute averages, no neasurabl e selective fading was observed
(WEC-1975) .

The cross-correlation of 4 and 6 Giz signals due to [ow angle
fading in the Canadian arctic was found to be 1ow (Strickland, et
al-1977) . During a 2.5 hour period on the day when the fading was
nmost severe the correlation coefficient was 0.34 since the 6 GHz
si gnal experienced 55% nore fades than the 4 eiz signal. This would
I ndi cate significant dispersion was present, but the mechani sm for
this effect is tropospheric refraction and not rain. Frequency
selective fading may be significant at |ow el evation angles

6.7.1.2 Phase Variations. Phase neasurenents have not vyielded
significant results for frequencies above 10 GHz. The phase
coherent sidetone signals on ATs-e6 showed only m nor variations
across the 1.44 GHz bandwi dths. These variations were nost evident
for the shorter (one and four second) averagi ng periods conpared to
t he one-m nute period (WEC-1975).

Phase neasurenments have been attenpted for the one degree
el evati on angle satellites observed fromthe arctic (Strickland et
al-1977) . Unfortunately, no significant fade events occurred and no
differential phase variations were recorded.

Phase effects are produced by the nol ecul ar absorpti on mechani sm
along with anplitude effects. Large values of phase dispersion
woul d therefore be expected in the absorption bands.

6.7.2 lonospheric Effects on Bandw dth Coherence

6.7.2.1 Amplitude Variations. | onospheric attenuation at

m crowave frequencies is inversely proportional. to the frequency
squared (Flock, 1987) and is generally less than 0.001 aB at 15 GHz
and an el evation angle 6 = 90°. The variation is approximtely
related to cosecant ¢ . The attenuation is therefore usually |ess
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than 0.01 &B above 10 GHz.

6.7.2.2 Phase Variations. The group delay due to the free
el ectrons in the ionosphere is (Flock, 1987)

At - 40 3 Ne _133x10-" g Sec (6.7-4)

where N, is the total electron content in electrons/m?, ¢ =
3x10°m/see and f is in Hertz. This delay is equivalent to a
phase delay (in radians)

_ Lo 6.7-5
AT = SnE ( )
so t hat
N
8¢ = (27) (40.3) S (6.7-6)

For a typical value of Ne = 10"m™2, the total phase delay at

11.7 GHz is only 7.21 radians. The frequency dependence of this is
only

3(A9) _ 2n(40.3) N,

—f cf?
= -6.2 x 10"radian/ Hertz
= -0.62 radian/GHz
= -35 degrees/GHz.

For higher frequencies, the rate of change of phase with frequency
decr eases.

6.8 DOMLINK NO SE AT EARTH STATI ONS

6.8.1 |lntr L on

An Earth station observing a satellite at a high elevation angle
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may be considered to be receiving sky noise fromthe antenna
boresight direction. As the elevation angle of the' satellite

decreases, thermal noise emission fromthe earth's surface wll be
increasingly observed in the antenna’s sidelobes. This section

reviews the sky noi se component and its contribution to satellite
communicaitons System performance.

Antenna noise is conveniently treated in terms of noise

tenperature, since the two parameters are linearly related. In
circuit theory the noise power, Py, Which is transferred to a
mat ched load is

P, = kTB  vatts (6.8-1)

where k is Boltzmann's constant, T is noise tenperature in (degrees)
Kelvin, and B is the bandwidth in Hertz. Thernmal radiation from the
gaseous atnmosphere is given by the Rayleigh-Jeans longwave

approxi mation to Plank’s equation

p' - 2KT = 22, 2kTf” (6.8-2)
where f is the frequency in Gz . Note the ambiguity in the
frequency dependence of the two relations. However, we will be

consi dering noise tenperature in its circuit theory usage so the
difference is not of prine concern.

6.8.2 (Cdear Ar sky Noise

The thermal noise emission froma gas in thernodynam c
equil i brium from Kirchhoff's | aw, nust equal its absorption, and
this equality nust be true at all frequencies.

The noise tenperature Th in a given direction through th*
at nosphere (also called the brightness tenperature) is given by
radi ative transfer theory (Waters-1976, Wulfsberg-1964)

@©

T,= T, ¥ e'd + T,e ' (6.8-3)
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where T, is the anbient tenperature, ¥ is the absorption
coefficient, and 7is the optical depth to the point under
consi der at i on. In radio engineering terms

7 -4.343 A dB (6.8-4)

where A is the absorption over the path in question, in dB. For
frequenci es above 10 GHz, the second termon the righthand side of
Eq. (6.8-3) reduces to 2.7 K, the cosmc background conponent,

unl ess the Sun is in the antenna beam as illustrated in Figure
6.8-1.

For an isothernal atnosphere (T,constant wth height),
substituting ¥d1 = a7 in Eq. (6.8-3) yields

-4
T, = Tp(l - e7) = Tm[l - 10 K (6.8-5)

where A is again atnospheric absorption in dB. The value of T,
taken in Eq. (6.8-4) ranges from 260 to 280 K. One relationship
used to determne a value of T,from surface neasured tenperature
| S (Wulfsberg-1964)

T,= 1.12 Tg - 50 K (6.8-6)
where T is the surface tenperature in K

Noi se tenperature (or brightness tenperature) curves for 3, 7.5,
and 17 g/m3 surface water vapor content, with the US Standard
At nosphere for the two | ower values and the Tropical Atnosphere for
t he hi ghest value, have been published by Smth (1982) and
reproduced in CCIR Report 720-2 (CCIR-1986h). Exanples for an
average hunidity state (7.5 g/mat the surface) are reproduced as
Figures 6-8-2 and 6. 8- 3.
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6.8.3 8k i t in

Kirchhoff's | aw applies to noise emssion fromrain as well as
from atnospheric gases, but only to the absorption conponent of the
rain attenuation and not to the scattered conponent. The scattered
conponent increases with frequency, so that while Eq. (6.8-5) may be
appropriate at 10 Gz, it will give too high a value at 70 GHz.

Val ues of Tg due to rain may be estimated fromthe rain
attenuation cal culation techni ques presented in Section 6.3. For
exanple, to conpute the cunul ative statistics of Ts, first conpute
the cunul ative attenuation statistics due to rain, and then use Eq.
6.8.5 to convert attenuation to apparent sky noise tenperature. An
exanpl e of this process has been done for Rosman, NC at 20 GHz. The
results are given in Table 6.8-1.

The sky noise tenperature (see last colum of Table 6.8-1) will
degrade the overall systemnoise figure of the receiver system  For
example, for a receiver with a 4 aB noise figure, the resultant
noise figure for the rain rate corresponding to 0.01% of the year
wll be 5.4 dB, i.e., an increase of 1.4 dB

6.8.4 sample | cul ation

Two illustrative exanples of application of the sky noise
relationships for clear air and for rain are presented bel ow.

Example 1. A land nobile satellite systemdownlink is to operate at
20 GHz with a service reliability of 95 % of the time. The receiver
system noi se tenperature, exclusive of antenna noise, is 100K The
el evation angle to the satellite is 60°. The nedian surface
humidity is estimated at 7.5 g/m3. WWhat is the required

propagati on margi n?

From Figure 6.8-3 we read T = 20 K for the paraneters given
above. For the worst .5 % of the tine we arbitrarily double this
value to T = 40 K

The gaseous attenuation for the link can be determned fromthe
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Table 6.8-1. Cunulative Statistics of sky Tenperature Due to Rain
for Rosman, N.c. at 20 GHz. ‘'T,=275 K

“ERCENT OF POINT RAI'N AVERAGE RAIN | TOTAL RAIN SKY NOISE
YEAR RATE VALUES RATE ATTENUATION* | Temperature
0.001 102 mm/hr 89 mm/hr 47 dB 275 K
0.002 86 77 40 275
0.005 64 60 30 275
0.01 49 47 23 274
0.02 35 35 16 269
0.05 22 24 11 252
0.1 15 17 7 224
0.2 9.5 11.3 4.6 180
0.5 5.2 6.7 2.6 123
1.0 3.0 4.2 15 82
2.0 1.8 2.7 0*93 53

NOTES :

* At 20 GHz the specific attenuation A = 0.06 Ravel’12 dB/km and for
Rosman, N.C. the effective path length is 5.1km to ATS-6.

t For a ground temperature of 17°C = 63°F the Tm= 275 K.
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CCIR estimtion procedure given in Section 6.2.3. The resulting

total (oxygen + water vapor) attenuation is found as

Ag = 0.34 aB

Doubling the value for the worst 5 % of the tinme, the attenuation is
0.68 dB.

At the 95 %reliability level, attenuation caused by rain may be

i gnored, since rain occurs only 2-3 % of the total time for most
regions.

The propagation margin is then conputed as foll ows:

Decrease in signal level = 0.68 dB
| ncrease in noise tenperature = 10 log[ (100 + 40 +2.7)/100)
= 1.54 aB

Required propagation margin = 0.68 + 1.54 = 2.22 dB.

Note that for this case the sky noise increase contribution is
nore than double the contribution due to the decrease in signal
level to the total margin required.

Example 2. A satellite systemis to operate in the fixed service
with a downlink at 20 GHz. The required service reliability is
99.99 g of the time. The 0.01 % of the time rain rate has been
nmeasured to produce an attenuation of 30 aB in the direction of the
satellite. The reciever system noise tenperature, exclusive of
antenna noise, is 300 K. Wat is the required propagation nmargin?

The clear air conmponent is assumed to be the 95 % val ue from
exanple 1, i.e. T =40 K, A = 0.68 aB.

The sky noise increase due to a rain attenuation of 30 dB is
determned fromEq. (6.8-5)

T, = 280(1 - 10°30/10. = 279.7 K

r
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The propagation margin is then conputed as foll ows:

Decrease in signal level = 30 + 0.68 = 30.68 dB
I ncrease in noise temperature = 10 log[ (279.7 + 300)/300]
= 2.86 dB.
"Required propagation margin = 30.68 + 2.86 = 33.54 dB.

For this exanple the signal |evel decrease is the predom nate
factor in the margin requirenent.

Note that the reliability criterian plays a significant role in
propagation margins for the two above exanples (2.22 vs 33.54 dB)
The relative difference in receiver noise tenperature, however,
al so accounts for the greater inportance of noise over attenuation
in the first exanple.

6.8.5 sky Noise Due to Clouds, Foq, Sand and Dust. The major
contributor to the sky noise tenperature is the mediumwth the

hi ghest attenuation. Generally, clouds will present higher
attenuations than fog, sand or dust. For exanple, for cunulus clouds
with no precipitation the water density will be approximately 0.5

g/m3. For the Rosman exanpl e described earlier (20 GHz),

A= KC o t.cscb (6.8-7)

where t, is the thickness of the clouds (typically 2 kiloneters).
Usi ng typical nunbers

A

(0.4 aB m3/gn km) (0.5 gm/m3) (2 kn) csc (47°)
0.55 aB

The corresponding sky noise contribution is then

Ts = T, [1 - 107(0:35/10)

Wth T, equal to the tenperature of the cloud (i.e., T,=

nc
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0°c = 273 K), Tg is 32 K. Cearly, at 20 GHiz, rain represents a

much nore significant contributor to the sky noise tenperature than
cl ouds .

6.8.6 Total sky Noi Se Temperature Arising from Sever al

Contributors. The sky noise tenperatures from several sources do
not add linearly. Rather, the attenuation from each contributor
nust be added and the total result substituted into the sky noise
versus attenuation relation. For exanple, for the Rosman ground
station observing the ATS-6, the clear air attenuation is 1.2 dB
yielding a Tg (clear air) = 66 K From Tabl e 6.8-1 for 0.2% of

the year (105 minutes) the rain induced sky tenperature due to, clear
air and rain is 203 Kwhich is significantly less than the sum of
each contributor (246 K) . During rain conditions the cloud
contributions should al so be added, but these will generally be even
a smaller contribution than the clear air attenuation.

6.8.7 Extraterrestrial Sources of sky Noise

6.8.7.1 Solar Noise. The sun generates very high noise |evels when
it is collinear with the Earth station-satellite path. For
geostationary satellites, this occurs near the equinoxes, for a
short period each day. The power flux density generated by the sun
is given as a function of frequency in Figure 6.8-4 (Perlman, et
al-1960) . Above about 20 GHz, it is practically constant at -188
dBW/Hz-m? for “quiet sun" conditi ons.

Reception of solar noise can be viewed as an equival ent increase
in the antenna noi se tenperature by an amount Ts. Ts depends on
the relative magnitude of the antenna beamwidth conpared with the
apparent dianmeter of the sun (0.480), and how cl ose the sun
approaches the antenna boresight. The follow ng formula, after
Baars (1973), gives an estimate of Ts (in Kelvins) when the sun,

or another extraterrestrial noise source, is centered in the beam
5 -

o oo 1 it
: f°D

1og”(§—;ﬁ§§9 (6.8-9)
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where D = apparent diameter of the sun, deg
frequency, Gz

= power flux density, dBw/Hz-m2
antenna hal f - power beamwidth, deg

o v —™
1

n

For an Earth station operating at 20 Gz with a 2 mdianmeter
antenna (beamwidth about 0.5°) , the maxi mumincrease in antenna
tenperature that would be caused by a ("quiet") sun transit is about
8100 K, according to the fornula.

The sun's flux has been used extensively for neasuring
tropospheric attenuation. This is done with a sun-tracking
radi oneter, which nmonitors the noise tenperature of an antenna that
is devised to automatically remain pointed at the sun.

6.8.7.2 Lunar Noise. The noon reflects solar radio energy back to
the Earth. Its apparent size is approximately 1/2 degree in
dianeter, like the sun. The noise power flux density fromthe noon
varies directly as the square of frequency, which is characteristic
of radiation froma "black body.” The power flux density fromthe
full moon is about -202 dBW/Hz-m“at 20 GHz. The nmaxi mum ant enna
tenperature increase due to the noon, for the 20 GHz 2m ant enna
considered earlier, would be only about 320k. Because of the phases
of the noon and the ellipticity of its orbit, the apparent size and
flux vary widely, but in a regular and predictable nanner. The noon

has been used in measuring Earth station G T (Johannsen and
Koury-1974).

6.8.7.3 Radio _Stars. The strongest radio stars are ten tines
weaker than the lunar emission. The strongest stars (Wait, et

al -1974) emit typically -230 dBW/Hz-m? in the 10 to 100 GHz
frequency range. Three of these strong sources are Cassiopeia A,
Taurus A and Orion A.  These sources are sonetines utilized for
calibration of the ground station GT. During the calibrations the
attenuation due to the troposphere i s usually cancelled out by .

conparing the sky noise on the star and subtracting the adjacent
(dark) sky noi se.
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6.9 UPLINK NO SE | N SATELLI TE ANTENNAS
6.9.1 Components Of Uplink Noi Se

The earth view ng (uplink) antenna of an orbiting satellite
typically includes only a portion of the earth’s surface within its
hal f - power beamwidth. The observed noise is a conplex function of
atnospheric and surface tenperature, elevation angle, frequency, and
antenna gain (see, for exanple, Report 720-2, ccir-1986h) . A ngjor
factor in the observed noise tenperature is the fraction of |and
(high brightness tenperature) to sea (low brightness tenperature) in
the main antenna beam This factor is illustrated in Figure 6.9-1
whi ch shows the variation in antenna tenperature at a geostationary
satellite using an earth-coverage antenna with a gaussian beamas it
is moved around the geostationary orbit (Njoku and Smith - 1985)

At the |lowest frequency (1 GHz) the variation with subsatellite
longitude is entirely due to the land/sea fraction. As the
frequency increases, the effects of the atnmosphere cone into play.
The brightness tenperature values used to conmpute Figure 6.9-1 are
given in Figure 6.9-2, as a function of frequency and | ocation

(latitude), and they may be used for conputation of nore specialized
satellite antenna coverage systens.

6.9.2 sample Cal cul ation

Consider a satellite in geostationary orbit that has a spot beam
directed at the Washington D.c. area such that 6o % of the area
within the 3 aB contour is land and 40 % is sea. The great-circle
di stance fromthe sub-satellite point to the center of the spot beam
is 60° in equivalent latitude and the frequency is 40 GHz. What
I's the uplink antenna noi se tenperature at the satellite?

The satellite antenna noise tenperature Tg may be approximated
from Figure 6.9-2. The land portion will have a brightness

tenperature of 275 K, and the sea portion will be 185 K.  Therefore
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Te = 0.6(275) + 0.4(185) = 239 K

A nore exactdeterm nation involves weighting each increnental
area in the antenna beam by the appropriate off-boresight antenna
gain. The additional accuracy is usually not necessary, however,
since current satellite receiver noise tenperatures are typically
1000 K or higher, and the incremental difference in the total system
noi se tenperature would |ikely be very small.
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