Effects of atmosphere on earth-space radio propagation

BY ODD GUTTEBERG

1 Topic

The growing demand for transmission
capacity has forced the satellite tele-
communication systems to use fre-
quencies above 10 GHz. Systems are
now operating at 11/14 GHz, and the
utilisation of 20/30 GHz frequency
band is being planned. At these fre-
guencies the radio waves will suffer
degradation through the non-ionised
part of the atmosphere, i.e. the tropos-
phere. Particularly dominant is the
attenuation and depolarisation due to
rain and wet snow. In the high-latitude
part of the Nordic countries, additional
problems arise due to very low eleva-
tion angle to geostationary satellites.

All these factors contribute strongly to
the design criteria for satellite sys-
tems, such as

- localisation of earth stations
- r.f power requirements
- antenna sizes

- capacity requirements, etc.

and the technical solutions to be used.

Our main goal in designing satellite
systems, is that all offered services
must have the quality and reliability
the customers want.

This paper deals with the different
aspects of slant path propagation prob-
lems encountered in high latitude re-
gions, i.e. elevation angles less than
20 degrees, and frequencies above

10 GHz.

2 Introduction

Normally a satellite transmission link
is down-link limited. Accordingly, the
important equation in designing satel-
lite systems is:
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where

EIRP = Satellite effective isotropic
radiated power
G/T = Earth station “figure-of-merit”

k = Bolzmann’s konstant

B = Transmission bandwidth
L, =Free space loss

L, =Additional loss

All terms expressed in dB.
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Figure 3 Total atmospheric attenuation as a function of
elevation angle for a standard atmosphere (15° C tempe-
rature, 7.5 g/m3 water vapour density). Measured value
at 3° elevation angle is indicated
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The total attenuation can then be cal-
culated;
A=y, [go+ Yy ey (dB) 2

where the equivalent path length is
found from geometric considerations,
figure 2:
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Using this approach, the atmospheric
attenuation for 12 and 20 GHz has
been calculated as a function of eleva-
tion angle, figure 3. A standard atmos-
phere is assumed, i.e. ground tempe-
rature of 15° C and water vapour den-
sity of 7.5 g/m3.

As can be seen, the attenuation for 12
and 20 GHz are less than 1 dB for ele-
vation angles down to about 3° and
15°, respectively. At very low elevation
angles, the atmospheric absorption
will become a critical design factor.

From C/N-measurements of 12 GHz
satellite signals at Spitzbergen (78° N,
3¢ elevation angle), the atmospheric
absorption has been estimated. The
measurements were performed with
two satellites (OTS and EUTELSAT-I,
F-2), and two receiving antennas (3 m
and 7.6 m in diameter). At elevation
angles less than 5°, defocusing loss
and the decrease in antenna gain due
to wave front incoherence will be of
importance. For the actual antenna
sizes and elevation angle, these effects
are estimated to 0.7 - 0.9 dB [4].
Taking this into account, the satellite
signal measurements showed an
atmospheric absorption of 1.1 - 1.3 dB
at 3° elevation, figure 3.
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Figure 5 Horizon contour and geostationary orbit for Svea, Spitzbergen (16,71° E,

77,90° N)

This is quite close to the calculated
value, which indicates that the model
used for predicting the atmospheric
absorption is reasonably good.

4 Angle of arrival

The decrease of refractive index with
height, causes bending of radio waves.
This means that the apparent elevation
angle to a satellite will be greater than
the geometric elevation angle. At very
low elevation angles, the correction
will be of the same order of magnitude
as the elevation angle.

From 500 radio soundings at Spitzber-
gen (1960), the refraction profiles

have been found [5]. The ray bending
has been calculated, using the method
described in ref. [6]. The results are
shown in figure 4, together with data
from CCIR [4].

As can be seen, there is good correla-
tion between the calculated angle devi-
ations and the CCIR data.

The normal refraction effect has been
successfully utilised when receiving
the satellite transmissions from
EUTELSAT-1 (10° E) in Svea at Spitz-
bergen (77.9° N). Figure 5 shows the
local horizon contour, and the geosta-
tionary orbit. The satellite is approxi-
mately 0.2° below the local horizon.
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Figure 8 Measured scintillation dis-

tributions 4 and 11.8 GHz. Isfjord
Radio, Spitzbergen, 1979

Figure 9 Measured scintillation dis-

tributions 4 and 11.8 GHz. Isfjord
Radio, Spitzbergen, 1978 and 1980

Figure 10 Measured scintillation distributions
11.8 GHz (1980 and 1982) and diversity
(1982)
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However, when taking into account
the ray bending, the satellite will be
seen above the local horizon.

Normally, the refractive index decays
exponentially with height. Atmosphe-
ric turbulence will, however, cause
random fluctuations about the average
value of the refractive index. This
results in random fluctuations in the
apparent elevation angle to the satel-
lite. This effect is important for earth
stations operating at very low eleva-
tion angle without antenna tracking
system.

Measurements of fluctuations in angle
of arrival have been performed at
Spitzbergen during summer 1986 [7]
using the telemetry beacon of EUTEL-
SAT-l, F-1 (13° E).

To obtain better accuracy, two 3-
metres antennas were used, one poin-
ting slightly above and the other
below the nominal direction to the
satellite.

The cumulative distribution of fluctua-
tions in elevation angle is shown in
figure 6. As can be seen, the devia-
tions in angle of arrival is less than
+0.02° in 95 % of the time. The distri-
bution is approximately Gaussian. The
slow variation due to satellite move-
ment was filtered out.

Figure 7 shows the reduction in
antenna gain as a function of the poin-
ting error. A fluctuation in the angle of
arrival of 0.02° reduces the gain 0.8
dB for a 6 metre antenna at 30 GHz or
0.2 dB for a 7.5 metre antenna at

12 GHz.

5 Tropospheric scintillations

Amplitude scintillations are generated
by refractive index fluctuations in the
lower part of the troposphere (<1 km).
The fluctuations are caused by high
humidity gradients, and temperature
inversion layers.

For very low elevation paths to high
latitude regions with scarce amount of
rain, e.g. polar areas, tropospheric
amplitude scintillations are the domi-
nating propagation effect.

Long term measurements of this effect
have been performed at Spitzbergen
both at 4 GHz (1.7° and 3.1° elevation
angle) [5] ,and 12 GHz (3.2° elevation
angle) [8, 9]. Examples of measured
cumulative distributions are given in
figures 8, 9 and 10.

The turbulence activity is increasing
with rising temperature in the atmos-
phere. One should therefore, to a cer-
tain extent, expect a dependence be-
tween scintillations and the ground
temperature. It has been shown that
such a relationship exists [11].

From statistical measurements at
Spitzbergen (e=3.2°, f = 11.8 GHz),
the following equation has been esta-
blished:

Agi=027 LT +6 (dB) 4)
where
Ay = fading level for 99.99 % of a
month

Ty =monthly mean ground tempe-

Due to turbulence activity, the receiv-
ed signal will consist of a direct signal
plus a scattered signal. If we assume
that the scattered field consists of
several components with random
amplitude and phase, then the resul-
ting signal distribution could be de-
scribed by a Rice-distribution, i.e. a
constant vector plus a Raleigh distribu-
ted vector.

In the measurements made at Spitz-
bergen, the scintillations were found
to follow Rice-distributions with diffe-
rent values of the power ratio (K) of
the random components to the steady
component as given in table 1 [9].

According to the theory for turbulent
scatter, the standard deviation of the

rature scintillation amplitude is given by [4]:
Worst Worst summer Average winter
day month month
K - 10 dB - 13 dB - 20 dB
Table 1
July/Aug July/Aug
Measuring period 1979 1978 1980
Frequency (GHz) 11.8 4 4 11.8
Elevation angle (°) 3.2 1.7 3.1 3.2
Antenna diameter (m) 3.0 4.5 4.5 3.0
G(R) 0.923 | 0.954 | 0.940 0.923
Table 2
Frequencies 11.8/ 4 | 11.8 / 4*
Elevations 3.2/1.7)3.2/3.1
Theoretical
scaling factor 0.97 0.55
Average measured
scaling factor 1.11 0.59
Table 3

*There are no simultaneous measurements of 4 and 11.8 GHz at 3° elevation
angle. Since the average temperature for July/August 1978 and 1980 are approxi-
mately the same, the cumulative scintillation distribution for these periods are

compared.
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where
f =frequency (GHz)
0 = elevation angle (degrees)

G(R) =antenna aperture averaging
factor [4].

For the experiments at Spitzbergen,
we have the technical data as shown in
table 2.

The cumulative distributions of scintil-
lations for the different measuring
periods are shown in figure 8 and 9.
Knowing one distribution, equation
(5) can be used to scale this distribu-
tion to other frequencies and elevation
angles.

A comparison of the theoretical sca-
ling factors, calculated from equation
(5), and the average scaling factors
obtained from the measured distributi-
ons in figure 8 and 9, are given in table 3.

The measured values are in accor-
dance with the calculated values. This
means that the turbulence theory can
be used with good accuracy for scaling
a measured scintillation distribution to
other elevation angles or frequencies.

To reduce the fading margin required
for satellite links operating at very low
elevation angle, space diversity may
be employed. Site diversity measure-
ments have been performed at Spitz-
bergen with a lateral separation of
1150 metres [9]. The single site and
joint distributions are shown in figure
10. As can be seen, a substantial
improvement is achieved. Ata 3.2 dB
fading level, the availability improves
from 99 % to 99.9 %, due to site diver-
sity. The diversity gainis2dB at 0.1 %
of time. For smaller percentage of
time, even larger diversity gain is
expected.

6 Rain attenuation

Rainfall plays a major role in satellite
communication, especially for systems
operating above 10 GHz. A radio wave
propagating through rain will be atte-
nuated due to absorption, and scatte-
ring of energy by the water drops. The
attenuation in dB per km () is related
to the rainfall rate (R) in mm/h. For
practical applications this relationship
can be written;

y=a [Rb (dB/km) (6)
where a and b are parameters depen-
ding on frequency and temperature
[1]. Some values for a and b are given
in table 4.

Since the rain intensity will vary along
the path, the attenuation A(t) is obtai-
ned by integrating the specific attenua-
tion yover the total path length I:

|
A(t) = [ yelx
° O

where
y=Tf[R(x,D]

Knowledge of the rainfall rate distribu-
tion in one point is generally not
enough for calculating the attenuation
distribution. To be able to predict the
rain attenuation, we introduce the con-
cept of “equivalent path length”, which
is defined by;

A (dB) =yl
or
L AD)
. V(R(p)) (8)

where A(p) and R(p) are the attenua-
tion and rain rate exceeded for p per-
centage of time (equal-probability
values).

The equivalent path length is found
from simultaneous statistical measure-
ments of rain attenuation and rainfall
rate. This has been done at 12 GHz
both at Kjeller [10], and Kirkenes
[11], with elevation angles 22° and
10°, respectively. The measured equi-
valent path lengths are presented in
figure 11. Linear interpolation has
been used for calculating the equiva-
lent lengths for intermediate values of
the elevation angle.

When knowing the cumulative distri-
bution of rainfall rate in one point, we
are able to calculate the attenuation
distribution by using equation (6) and
figure 11. In Norway, rain intensity
data from tipping-bucket gauges are
available in more than 50 places and
for several years, This information has
been used to identify regions of diffe-
rent rainfall rate statistics, see figure
12.

The described prediction model has
been used to calculate the 12 GHz rain
attenuation distribution for;

- Zone A, elevation angle 11.5°
(Tromsg)

- Zone A, elevation angle 18°
(Trondheim)

Equivalent path length (km)
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10 [
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| ‘
2 10 100

Rain rate (mm/hour)

Figure 11 Equivalent path length through rain

Frequency Horisontal pol Vertical pol
(GHz)
b a b
12 0.0188 | 1.217 | 0.0168 | 1.200
15 0.0367 | 1.154 | 0.0335 | 1.128
20 0.0751 | 1.099 | 0.0691 | 1.065
30 0.187 1.021 | 0.167 1.000

Table 4

67




Kirkenes.e

Tromsg e

Bodg

Rain climatic zones

Zone
A B ©

%
1 2 3 7
0.1 7 12 | 20
005 11 | 16 @ 25
001 |22 | 30 36

Rainfall intensity exceeded (mm/h)

BergenO':

Stavanger‘

Figure 12 Rain climatic zones for Norway

- Zone C, elevation angle 21°
(Bergen).

The predicted and measured distribu-
tion are compared in figure 13 and 14.
As can be seen, the deviations are
quite small, and within what is expec-
ted due to year-to-year variations of
the rainfall rate.

As the equivalent path length is inde-
pendent of frequency, attenuation dis-
tributions for other frequencies can be
predicted. Figure 15 shows the calcu-
lated cumulative rain attenuation dis-
tribution for 20 GHz in Zone A, eleva-
tion angle 20°. The predicted attenua-
tion is compared with attenuation
results from the Helsinki 20 GHz radi-
ometer [12]. Helsinki has approxima-
tely the same rain intensity climate as
zone A. There is a reasonable agree-
ment between the distributions.

The good correlation obtained be-
tween the calculated and measured
rain attenuation distributions should
demonstrate the usefulness of the de-
scribed prediction procedure.
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Figure 13 Cumulative distributions of rain attenuation measured in Figure 14 Cumulative distributions of rain attenuation measured in
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distribution for zone A (€ = 11.5°) tributions for zone A (g = 18°) and zone C (g = 21°)

68




Precentage of time abscissa value is exceeded Reduction in earth station G/T
8
1 -
. 7k T,=25°
6 I
5 _
01 |- T,=75°K
- 4 |
B T,=125°K
Helsinki radiometer (1985-87) 3
€=20°
0.01 f=20GHz e
- b
1 1 1 1 1 1 1 | | | | | | |
0 2 4 6 8 10 12 14 16 0 1 2 3 4 5 6 7 8
Attenuation (dB) Down link absorptive rain attenuation (dB)

Figure 15 Cumulative distribution of 20 GHz attenuation measured

with radiometer in Helsinki (zone A, e = 20°). Calculated
distribution for zone A (e = 20°) including 0.8 dB gaseous

absorption

7 Noise Temperature

Any absorbing medium, such as at-
mospheric gases and rain, will in addi-
tion to attenuating a radio signal pro-
duce thermal noise power radiation.
This noise emission is directly related
to the intensity of absorption. If we
consider the atmosphere as an absorb-
ing medium with an effective tempera-
ture of T,,, and a loss factor of L, the
contribution to the earth station anten-
na noise temperature T is given by;

T,=(1-1/L)T, (©))
T, varies between 260 - 280° K depen-
ding on the atmospheric conditions.

An increase in antenna noise tempera-
ture will give a corresponding decre-
ase in the earth station figure of merit
(G/T). As the clear sky system noise
temperature decreases due to better
performance of low noise front-ends
and antennas, the decrease in G/T
could be larger than the attenuation
itself.

An example of the degradation in G/T
as a function of down-link absorptive
rain attenuation is given in figure 16.

The following values are assumed:
- Gaseous absorption: 0.2 dB

- Antenna ground interception factor:
3.5 % (NORSAT-B antennas)

- Effective absorbing medium tempe-
rature: 280° K.

This corresponds to a clear sky
antenna noise temperature of 25° K.

The degradation of the down-link car-
rier to thermal noise ratio (dB) will be
the sum of the reduction in G/T (dB),
and the down-link attenuation (dB).

8 Cross polarisation

To increase the channel capacity,
orthogonal polarisations can be
employed. However, due to atmosphe-
ric effects, there will be a transfer of
energy from one polarisation to anoth-
er. This will cause interference in dual
polarised satellite links. Depolarisa-
tions are mainly caused by rain and
snow along the path.

Cross polarisation discrimination
(XPD) has been measured at Kjeller
and Spitzbergen. Figure 17 shows
equi-probability plots of the XPD, and
the copolar attenuation [8-10]. The
depolarisations measured at Kjeller
are caused by rainfall, whereas the
depolarisations measured at Isfjord
and Spitzbergen, are believed to be
due to sleet, snow and/or atmospheric
turbulence.

Due to the short measuring period at
Kjeller (two summer months), there is
a discrepancy between the predicted
XPD (CCIR), which is based on long-
term statistics, and the measured
XPD.

Snow and atmospheric turbulence
appear to be a less polarising medium
than rain.

Figure 16 Reduction in earth station G/T as a function of the down

link attenuation. Tr = receiver noise temperature. Clear sky

noise temperature of antenna Tao = 25° K

9 Snowfall Attenuation

Dry snow has little effect on frequen-
cies below 30 GHz. Sleet or wet snow
can, however, cause larger attenuation
than the equivalent rainfall rate [10].

Along the North Atlantic coast of Nor-
way, the intensity of wet snowfall is
known to be high. Measurements at
12 GHz in Tromsg (70° N) showed
that the “winter attenuation” was
much larger than “summer attenua-
tion” for the year 1982. Attenuation up
to 15 dB due to sleet were experienced

[11].

10 Conclusions

Prediction models for gaseous absorp-
tion, tropospheric scintillations and
rainfall attenuation have been estab-
lished. The described methods have
successfully been used when design-
ing commercial 11/14 GHz satellite
systems in Norway, including Spitz-
bergen.

To a certain extent, these models can
be utilised for planning of satellite sys-
tems in the 20/30 GHz band. Through
the Norwegian participation in the pro-
pagation experiments with the OLYM-
PUS satellite, more reliable data of the
atmospheric influence on satellite
links will be established.

As the attenuation increases, different
techniques have to be used in order to
keep the fading margins to a mini-
mum. These techniques include site
diversity, power control, spot beams in
the satellite and possibly adaptive allo-
cation of system capacity.
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