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Introduction: Analysis of total signal decay is based on prognosis of the total path loss occurring in the atmospheric com-
munication links, accounting for effects of gaseous structures attenuation and scattering, hydrometeors (rain, snow and clouds)
absorption and attenuation, and turbulent structures fast fading on radio and optical signals passing atmospheric channels
with fading. Purpose: To perform a novel methodology of definition and estimation of effects of decay, absorption, scattering,
and fading of radio and optical signals propagating in atmospheric channels in various meteorological conditions. Results: Was
analyzed the impact of gaseous structures, hydrometeors and turbulent structures in total path loss for link budget design and in
degradation of data stream parameters, such as capacity, spectral efficiency and bit-error-rate, which lead in loss of information
data signals passing such kinds of channels with fast fading and decrease of quality of service. An optimal algorithm was found
of the total path loss prediction for various meteorological situations occurring in the real atmosphere at different heights and for
various frequencies of radiated signals. A method was proposed of how to evaluate the data stream parameters, capacity, spectral
efficiency and bit-error-rate, accounting for the effects of atmospheric turbulence impact on fast fading, which corrupts informa-
tion passing such kinds of channels. All practical tests were illustrated by the use of the MATLAB utility. A new methodology was
proposed on how to evaluate and estimate the capacity, the spectral efficiency, and the loss in energy and in the information data
stream for different scenarios of radio and optical signals propagation via atmospheric channels with fading caused by different
meteorological conditions. Practical relevance: The results obtained allow to achieve better accuracy of prognosis and increase
quality of service in atmospheric communication channels.
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Overview 400-450km
There are three main channels of wireless com- =,
munications: the terrestrial, atmospheric and ion- Ionospheric channel ¢/}//
ospheric. In this work, we will discuss the atmos- =
pheric channel, mainly the tropospheric one, which
is the lower region of the atmosphere that surrounds a
the Earth from the ground surface up to 10-20 km —_—
above the terrain (Fig. 1). During the recent dec- ~50 km ’
ades (see [1-7] and bibliography therein) the most Atmospheric channel
attractive aspect for current investigations has be-
come the land-to-air and air-to-land communication
links with aircrafts such as airplanes, helicopters, 10-20 km Terrestrial channel
drones, and so forth. As follows from Fig. 1, the e s
troposphere consists of gaseous particles, called
aerosols, rain particles, clouds, fog, hail, snow, and B Fig. 1. Main communication links
so on, all of which are usually called hydrometeors
in the literature [8—19]. Furthermore, due to spo-
radic air streams and motions, another phenomenon through a tropospheric channel, its intensity var-
occurs in the troposphere called atmospheric tur- ies sporadically. This phenomenon is called fading,
bulences. Due to irregular conditions in the trop- fast and slow in the time domain, or small-scale and
osphere, when a radio or optical signal propagates large-scale in the space domain, respectively [3—5].

N¢ 6, 2019 AN VNH®OPMALIVIOHHO-YMNPABASIOLLIVE CUCTEMBI N\ 43


mailto:nathan.blaunstein@hotmail.com

yd NH®OPMAUWNOHHBLIE KAHAABLI N1 CPEADI /

The aim of the work under our recent investiga-
tions is to design a link budget, that is, to evaluate
the total signal path loss via prediction of the ef-
fects of main tropospheric features on propagation
of signals with data through such channels. At the
same time — to perform quality of service within
the atmospheric link by estimating parameters of
signal data stream passing atmospheric wireless
channels, with fading caused by multiple scatter-
ing, reflection and diffraction of radio waves as the
carrier of information. Finally, the aim of this work
is to provide designers of wireless atmospheric
communication links a stable algorithm of how to:

— predict the total path loss;

— design a link budget;

— perform and improve quality of service by
predicting a-priori the capacity of data stream or
spectral efficiency and bit-error-rate (BER) in such
channels affected by attenuation, absorption and
fading phenomena.

Content and main parameters
of the troposphere

The troposphere consists of different kinds of
gaseous, liquid and crystal structures such as gas
molecules, aerosol, rain particles, cloud, fog, hail
and snow. All except the first, are usually called hy-
drometeors in the literature. Furthermore, due to
sporadic air streams and motions another phenom-
enon occurs in space and time domains, called at-
mospheric turbulences. Below, we briefly describe
the various components that make up the tropo-
sphere following the specific literature [1-3, 8-22].

The content

Gaseous molecules and atoms. There are many
types of atmospheric molecules and atoms, such as
0,, 0, CO,, NO, N,, etc. [1-3, 20].

An aerosol, for the purposes of this paper, is a
system of liquid or solid particles uniformly dis-
persed in the atmosphere. Aerosol particles play
an important role in the perception process, pro-
viding the nuclei upon which condensation and
freezing take place. The particles participate in
chemical processes and influence the electrical
properties of the atmosphere [18, 19]. The system
begins to acquire the properties of a real aerosol
structure when smaller particles are in suspen-
sion. An actual aerosol particle range can be be-
tween a few nanometers to about few micrometers,
while aerosols composed of particles larger than
50 um are unstable. The number of aerosol mole-
cules can be found [19]:

N(z) =N(O)exp[—j, %)

where N(2) is the current number of molecules; N(0)
is the number of molecules at the ground surface;
z is the height of the molecules in meters, and z, is
scale height while 1 km <z ,<1.4 km.

Clouds. Clouds’ shape, structure and texture
are influenced by air movements that change their
formation and growth, and are also influenced by
the properties of the cloud particles themselves.
There are four principle classes into which clouds
are classified according to the kind of air motions
that produce them [2, 11-13]:

1) layer clouds formed by the widespread regular
ascent of air;

2) layer clouds formed by the widespread irregu-
lar stirring of turbulence;

3) cumuliform clouds formed by penetrative con-
vection;

4) orographic clouds formed by ascent of air over
hills and mountains.

In settled weather, clouds are small and well
scattered. Their horizontal and vertical dimensions
are only a kilometer or two. In disturbed weather,
they cover a large part of the sky and can tower
as high as 10 km or more. Clouds often cease their
growth only upon reaching the stable stratosphere,
producing heavy showers, hail, and thunderstorms.
Growing clouds are sustained by upward air cur-
rents, which may vary in strength from a few cen-
timeters per second to several meters per second.
Cloud effects on wave propagation in the tropo-
sphere are well known. These effects are scattering,
absorption and refraction which all cause attenua-
tion and fading of the wave path. All these phenom-
ena will be considered later.

Rain is the precipitation of liquid water drops
with diameters greater than 0.5 mm [14-17]. When
the drops are smaller, the precipitation is usually
called drizzle. The concentration of raindrops typ-
ically spreads from 100 to 1000 m~3. Drizzle drop-
lets usually are more numerous. Raindrops seldom
have diameters larger than 4 mm because the con-
centration generally decreases as the diameter in-
creases, except when the rain is heavy. It does not
reduce visibility as much as drizzle. Meteorologists
classify rain according to its rate of fall. There are
three classes of rain: light, moderate and heavy and
they correspond to dimensions less than 2.5 mm,
between 2.8 and 7.6 mm, and more than 7.6 mm,
respectively. As for rain with rates of less than
250 mm per year and for more than 1500 mm per
year, that represents the extremes of rainfall for all
the continents.

Atmospheric turbulence is a chaotic structure
generated by irregular air movements in which the
wind randomly varies in speed and direction [5—7,
23-26]. Turbulence is important because it churns
and mixes the atmosphere and causes water vapor,
smoke, and other substances, as well as energy, to
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become distributed at all elevations. Atmospheric
turbulence near the Earth’s surface differs from
that which occurs at higher levels. Within a few
hundred meters of the surface, turbulence has a
marked diurnal variation, reaching a maximum
about midday. When the sky is cloudy, the low-level
air temperature varies much less between day and
night and turbulence remains nearly constant. At
altitudes of several thousand meters or more, the
frictional effect of the Earth’s surface topography
on the wind is greatly reduced and the small-scale
turbulence, which is usually observed in the lower
atmosphere, is absent [4-7].

Main parameters of troposphere

The physical properties of the troposphere are
characterized by the following main parameters
such as temperature, T (in Kelvin), pressure, P (in
millibar or millimeters of Mercury), and density,
p (in particles per cubic meter or centimeter). All
these parameters significantly change with alti-
tude, seasonal, and latitudinal variability, and
strongly depend on the weather [3].

Temperature. The temperature in the atmos-
phere depends on altitude %, in meters. The temper-
ature T at height & (measured in meters) is given by
[4-7]:

T(h) = 288.15 + 0.06545h K @)

the troposphere is a region between 10-20 km
above the earth’s surface, and in this region the
temperature is [4-7]:

T(h) = 216.65 K. 3)

Pressure. It is the force-applied perpendicular
to the surface of an object per unit area over which
that force is distributed. The pressure can be deter-
mined by [4-7]:

P(h)=2.269x

4 0.034164(k-11000)
x 10" exp mbar, (4)
216.65

where £ is the height (in meters). In the troposphere,
besides the atmospheric pressure, we usually
need to know the water vapor partial pressure p,
[mbar], and e(t) is the saturation pressure [6]. The
relationship between water vapor pressure p,, and
relative humidity is given by:

nég
=% 5
Pw =700 )
where
ey =atl, ©)
t+c

where 1 is the relative humidity, %; ¢t is the
temperature, °C; e, is the saturation pressure,
Pa, for temperature ¢, °C, while the coefficients
a, b, and ¢ were defined empirically via numerous
experiments [6]. The vapor pressure p can be
evaluated via the water vapor density p using the
equation

(7

with the water vapor density p given by the following

equation:
h
p=poexp| —— | ()]
( ho ]

Here, his the scale height of 2 km and the stand-
ard water vapor density is:

po=7.5 £ ©)

m—3

Humidity. In meteorology the measurable quan-
tity is the relative humidity n(7T"), and we can relate
p with e (T'). The relative humidity is given by [4—6]:

_ Pw
e (ry (o)

Effects of tropospheric features
on signal propagation

For the ideal fully gaseous atmosphere with an
absence of hydrometeors, fading phenomena of ra-
dio and optical waves can remain optimal 99.999 %
of the time for the paths of 5 km and more, with the
fade margin of 28 dB. However, there are phenom-
ena of propagation that can significantly decrease
the efficiency of land-to-atmosphere or atmos-
phere-to-land communication links, such as scat-
tering, attenuation or absorption. Let us briefly
consider the impact of each feature separately in
total path loss of the signal passing a tropospheric
communication channel.

Main features occurring in the troposphere

Absorption (or attenuation) occurs because of
conversion from wave energy to thermal energy
within an attenuating particle, such as a gas mole-
cule and different hydrometeors [3—5].

Scattering is a vitally important feature caus-
ing strong fast fading of the signal and occurs from
the redirection of the radio waves into various di-
rections, so that only a fraction of the incident en-
ergy is transmitted onward in the direction of the
receiver. The main scattering particles that are of
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interest to satellite systems are hydrometeors, in-
cluding raindrops, fog and clouds; and can be cal-
culated using three main approaches that account
for the relationship between the wavelength and
the size of the particles causing the scatter. All ap-
proaches were discussed in [3—7, 23] and their scat-
tering coefficient is described below by the follow-
ing theoretical frameworks (11a)—(11c).

a) Mie scattering is applicable when the particle
size is comparable to the radiation wavelength. The
Mia scattering coefficient was defined as the ratio
of the incident wave front that is affected by the
particle to the cross-sectional:

Gy, = nJZZN(r)K(r, n)r2dr. (11a)

b) Rayleigh scattering applies when the radiation
wavelength is much smaller than the particle sizes
and is described by

{47:2%1;7% J(n2 2 )2

o), = (n2 o )2 , (11b)

where n an index of refraction at the ground level.

c) Non-selective scattering applies when the par-
ticle size is significantly larger than the radiation
wavelength. Large-particle scattering is composed
of contributions from three processes involved in
the interaction of the electromagnetic radiation
with the scattering particles:

o :IN(r)Q(X, m, r)nrzdr. (11c)

Here N is a number of particles per unit volume;
r is the radius of spherical particle; K is a value
between 0 to 4; n is an index of the refraction of waves
at the layer of particles; V'is the volume of scattering
particles, and m is the mass of any particle.

The above formulas account for the following
physical processes caused by gaseous particles of
the troposphere:

— reflection from the surface of the particle
with no penetration;

— passage through the particle with and with-
out internal reflection;

— diffraction at the edge of the particle.

Effects of tropospheric features
on signal passing the channel

Now, we will examine separately the effects of
each feature on signals passing the irregular trop-
osphere, such as the effects of rain and cloud on the
signal attenuation. The effect of turbulence causing
scattering of signals will be considered separate-
ly as a main source of fast fading. There are three
main causes for signal attenuations: molecular ab-

sorption, effects of rain and effect of clouds. Then
the effect of turbulence on scattering of signals will
be presented. We will show the main parameters,
the corresponding formulas, and will compute and
plot their characteristics in this paragraph.

Molecular-gaseous absorption

Gaseous molecules found in the atmosphere may
absorb energy from radio-waves passing through
them, thereby causing attenuation [1-3, 20]. The
signal degradation depends on frequency, tempera-
ture, pressure, and water vapor concentration; and
increases with them as shown in Fig. 2 calculated ac-
cording to the equations below taken from ITU-676
Standard [20] for pressure P = 1013 mbar, tempera-
ture T =15 °C, water vapor content p, = 7.5 g/m™3.
The following formulas have been used for computa-
tion of dependences shown in Fig. 2.

The absorption in the atmosphere over path
length ris given by [20]:

A:jy(r)dr, (12)

where y(r) is specific attenuation, dB/km, consisting
of the sum of two components y,(r) and v,(r), the
attenuation of oxygen and water vapor, respectively:

V() = 1p(r) +7,(7), (13)

Y,(r) and y,(r) at the ground level (where pressure
is 1013 mbar and temperature is 15 °C), are given
approximately by [20]:

y0={7.19><103+ 6.09 4.81 ]x

2 + 2
f2+0.227 (f-57)2+1.5

x f2x107 [d—B} (14)
km

102
101 ‘.‘"} o T +
100

101

102
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Specific attenuation L, dB
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Frequency, GHz

Oxygen (y,) —— Water (y,) Total (y,+ v,)

B Fig. 2. Specific attenuation for water vapor and oxy-
gen (pressure = 1013 mbar, temperature = 15 °C, water
vapor content = 7.5 g/m™3)
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B Fig. 3. The total zenith attenuation versus frequency
for gaseous atmosphere with water vapor and dry air

Yw =| 0.05+0.0021p + 6‘02 +
(f-22.2)° +8.5
10.6 4 [dB
+————|f%px107* [—J (15)
(f-18.3)°+9 km

where f is the frequency, GHz, and p is the water
vapor density, g/m™3.

Other temperatures are considered by correction
factors of —1,0 % per 1 °C from 15 °C for dry air,
and —0,6 % per 1 °C from 15 °C for water vapor.

The attenuation in the atmosphere over a path
length L, for oxygen, L, and for water vapor, L, is
given by [20]:

A, =YoLos Ay =1, Ly, [AB]. (16)

The total atmospheric attenuation [in dB] for a
particular path can then be found by integrating
the total specific attenuation, as shown in Fig. 3,
over the total path length in the atmosphere [20] by
assuming an exponential decrease in gas density
with height:

Lo =[ va(Ddl=[ [0 (D+70(D]dL A7)

The attenuation for an inclined path with an ele-
vation angle 6 > 10° can then be found from the ze-
nith attenuation L, as [3, 20]

L, == (18)
sin®

and was computed by equations (13)—(18) following
the parameters of the troposphere according to the
standard ITU-676 [20].

Effects of rain

The attenuation of radio waves caused by rain
increases with the number of raindrops along the
radio path, the size of the drops, and the length of
the path through which the rain passes as shown in
Fig. 4 rearranged from [3].

There are several models for finding the at-
tenuation caused by rain: Empirical [15], Semi-
Empirical [14, 16], and Statistical-Analytical Mo-
dels, such as Saunders’s model [3]. The Saunders’s
model which was embraced by ITU, does not depend
on a particular place, is not frequency dependent,
has a good processing time, and can be easily im-
plemented.

In our work we followed only the Saunders’s
model. The Saunders’s model is applied when the
density and shape of the raindrops are constant.
According to [3], the received power P, in a given
antenna is found to drop exponentially with radio
path r through the rain, and o as the reciprocal of
distance required for the power decreases to el of
its initial value:

P (r) =P, (0)e . (19)

The value of a is given by the integral of one
dimensional (1D) distribution of the drops diam-
eter D, denoted by N(D), and C(D) is the effective
cross-section of frequency dependent signal power
attenuation by rain drops:

a=[" N(D)-C(D)dD. (20)

In a real tropospheric situation, the drop diame-
ter distribution N(D) is not a constant value and can
be found by the next equation [3]:

N(D)=N, exp[—Dij, @1)

where Njand D, are parameters: D,, is a parameter
that depends on the rainfall rate remeasured

P(r)

B Fig. 4. Rain path attenuation

N6, 2018 N\

VNH®OPMALIVIOHHO-YMNPABASIOLLIVE CUCTEMBI N\ a7



yd NH®OPMAUWNOHHBLIE KAHAABLI N1 CPEADI /

above the ground surface in millimeters per hour;
Ny=8x103m2mm, and

D, =0.122 - r%-21 [mm]. 22)

As for C(D) the attenuation cross-section from
(20), can be found using Rayleigh approximation
that is valid for lower frequencies, as was mentioned
in [3], when the average drop size is smaller com-
pared to the incident wavelength. In this case only
absorption inside the drops occur and the Rayleigh
approximation is valid giving a very simple expres-
sion for C(D):

3
c(D) ocDT. 23)

As was mentioned in [3, 14-17], when N(D) is not
constant as we described earlier in (21) we take the
value of the specific attenuation at a given point
on the path, y(r), and integrate over the full path
length R to find the total path loss:

L={"y(r)ar, @24)

while the total loss is via the specific attenuation as
shown in [9] and defined by

Y :£4.340c. (25)
r

Another way to describe the attenuation caused
by rain is, when it increases more slowly with fre-
quency approaching a constant value known as the
optical limit [3]. Near this limit, scattering forms
a significant part of attenuation that can be de-
scribed using the Mie scattering theory that was
described earlier [3, 4].

Expressing (25) in a logarithmic scale gives

L :IOIOgEP—T]:4.34ar. (26)
Pp

In practical situations, we can use an empirical
model which implicitly combines all of these effects,
whereyis assumed to depend only on distance r; where-
as the rainfall rate (R) is measured on the ground in
millimeters per hour. According to [3, 14-17]

1(f, R) = a(f)RPD. @7

The attenuation coefficients a(f) and b(f) can
be found and calculated in [3, 15, 12]. The attenua-
tion for a given path where the elevation angle 0 is
smaller than 90° makes it necessary to account for
the variation in the rain in the horizontal direction.
This allows us to focus on the finite size of rain
clouds, called rain cells.

Also, rain varies in time over various parame-
ters: seasonal, annual and diurnal. It is important
to realize that it is not the total amount of rain
which falls during a given year that matters, but
rather the period of time for which the rainfall rate
exceeds a certain value. All of these temporal var-
iations were estimated by use of (28) for rain atten-
uation, which does not exceed 0.01 % of the time.
Thus, according to [3]:

Lo o1 =a(f) Ry g ", (28)
where s, 5; can be found in [3]. For time percentages
other than 0.01 %, the attenuation can be corrected
by introducing special relevant time percentage P,
which is changed over the wide range from 0.001 to
1 % [3], that is:

L(P) — L().Ol x 0.12P(0.546 + 0.043logP) (29)

The precipitation of rain is defined by variations
in both horizontal and vertical directions that make
in very hard to describe the spatial distribution of
rain. The correction factor we use in (28) is the ef-
fective path length [the exponent s, .7y in (28)],
L,, which is the length of the hypothetical path ob-
tained from signal data, dividing the total attenu-
ation by the specific attenuation exceeded for the
same percentage of time [3]. It can be estimated,
according to empirical model [15] as

— LS
" 1+0.0286L,R%15

(30)

Using equations (27) and (30) we can now esti-
mate that the transmission loss due to attenuation
by rain is given by

Ar = YrLr' (3 1)

Effects of clouds

As was mentioned earlier, the dimension, shape,
structure and texture of clouds are influenced by
air movements that change their formation and
growth, and by the properties of the cloud parti-
cles. Sky cover is the observer view of the cover of
the sky dome, whereas cloud cover can be used to
describe areas that are smaller or larger than the
floor space of the sky dome [2]. There are several
proposed models for the probability distribution
of the sky cover [11-13]. For our prediction of the
cloud attenuation, we will use the ITU-R model giv-
enin [11].

Specific attenuation for clouds. The specific
attenuation due to a cloud can be determined by [2]

dB
Ve =K@M [H} (32)
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where v, is the specific attenuation of the clouds,
dB/km; K, is the specific attenuation coefficient,
(dB/km)/(g/m™3); M is liquid water density, g/m3.

For small size cloud droplets, the Rayleigh ap-
proximation can be used for the calculation of spe-
cific attenuation [2]. This approximation is valid
up to 100 GHz. A mathematical model based on
Rayleigh scattering, which uses a double-Debye
model for the dielectric permittivity e(f) of water,
can be used to calculate the value of K;:

-1

~ 0.8197f {dB}[ g }

Kj=—— | — %] , (33)
! s”(1+n2) km || ;=3

where f is the frequency, GHz, and n defined as

2+¢'
n=" (34)

where ¢ and ¢’ are the real and imaginary
components of the complex dielectric permittivity of
water. For the calculation of the complex dielectric
permittivity of water, we need to calculate the
principle and secondary frequencies of the double
Debye model for the dielectric permittivity of
water:

fp =20.09-142(® — 1) + 294(d — 1)2;  (35a)
fy=590 — 1500(D — 1), (35b)
where ® = 300/T, T is the temperature, K. Now we

can define the complex dielectric permittivity of
water as

¢(f)= (80—81; +(81—82;+82; (36)
fp fs
f(e0—#1) f(e1—22)

(1)

o+ S, @D
I 1 fj
o3 ) Al

where gy = 77.6 + 103.3(® — 1); ¢, = 5.48; &, = 3.51.
Figure 5, computed by using the above formu-
las, shows the values of the specific attenuation K;
at frequencies from 1 to 5 GHz and temperatures
between —8 and 20 °C.
Total cloud attenuation. Finally, we can deter-
mine the total cloud attenuation:

LK,

4= n(0)

, (38)

where L is the total columnar content of liquid
water, kg/m2, or, equivalently, in millimeters of

—~

©, 34.90318728918

34.903187289175

M E 34.90318728917

o, 34.903187289165 I

g
S~
)
=
g
e
~~
)

%)

42.299086028055

42.29908602805 /
42.299086028045
4

K,
(dB/km)/(g/m

2.29908602804

1 2 3 4 5 6 7 8 9 10

4 52.11238119098

g
o~
g 52.11238119097

m

Mx 52.11238119096 /
~.

% 52.11238119095
1 2 3 4 5 6 7 8 9 10

Frequency, GHz

%)

62.13844244252

E
& 62.1384424425
S — | | T=207C
£ 62.13844244248
~~
£ 62.13844244246
= 1 2 8 4 5 6 7 8 9 10

Frequency, GHz

B Fig.5.Specific attenuation for clouds as a function of
frequency and temperature

evaporated water; K, is the specific attenuation
coefficient as described earlier in (33), (dB/km)/
(g/m™3); 0 is the elevation angle (5° < 0 < 90°).

Figure 6 shows total cloud attenuation as a func-
tion of frequency, for elevation angles from 3 to 29°
[11]. Our computations are based on liquid water
content of 0.29 kg/m3.

Effects of turbulence

Atmospheric turbulence is a chaotic phenom-
enon created by the random temperature, wind
magnitude variation, and direction variation in
the propagation [4]. This chaotic behavior result-
ing in index-of-refraction fluctuations, causes
Doppler shift and fast fading phenomena. As is
common for describing atmospheric turbulence,
we use Turbulence Power Spectra that are divid-
ed into three regions by two scale sizes: L, — the
outer scale of the turbulence varies between 10 to
100 m and [, — the inner scale typically observed
from 1 to 30 mm. The regions that are divided by
those scales are called scintillations in the litera-
ture [4-T7].

Scintillation index. The scintillation index
(normalized variance of signal intensity fluctua-
tions) G% describes fluctuations in optical power
as measured by a point detector. The scintillation
index is defined by [4-7]
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(39)

It relates to the Rytov variance (log-amplitude
variance) 6% according to [4—7]. According to [23]
the Rytov, approximation starts from the premise
that an air mass behaves as a fluid. Assuming that
the refractive index structure parameter is con-
stant, the basic Rytov approximation relative var-
iance is [6, 23]:

6% =1.23.C2.£"/6.[}V6, (40)
where C,ZL is the refractive index structure para-
meter; k is the wave number, k=2n/A; L is the
distance, km. Figure 7 illustrates behavior of the
Rytov’s scintillation index vs. distance between the
terminals L for various f and refraction structure
parameters C,%.

As can be seen from Figs. 7, a—c, much stronger
turbulence (with increase of C,% ) in the atmosphere,
leads to higher deviations of signal intensity vari-
ations — the effect increases non-linearly with an
increase of range between the source and the detec-
tor. This increase effect is also clearly seen from
results of computations presented in Fig. 8, where

the same Rytov’s scintillation index is presented as
a function of C,% for three frequencies, f= 2.5, 3.3,
and 5.2 GHz, that are usually used in land-atmos-
pheric communication networks (namely, in Wi-Fi
wireless communication).

As can be seen from Fig. 8, with the increasing
of frequencies, the Rytov’s scintillation index in-
creases linearly as a function of C,%. Consequently,
the fading effect becomes significant for signals
passed over the turbulent atmospheric channel.
Moreover, with an increase of frequency from 2.4 to
5.2 GHz, the scintillation index increases roughly
twice thus causing strong fading of signals passing
through a turbulent tropospheric channel.

It was shown experimentally [6, 7, 23] that
the signal intensity scintillations, caused by qua-
si-local atmospheric turbulence, are distributed
log-normally. In this case, it can be suggested that
the fluctuations of the radio or optical signals are
weak. The normalized standard deviation of this
distribution is proportional to the Rytov’s approx-
imation and can be written now via the structure
parameter of turbulence permittivity Cg (instead
of the structure parameter of refractivity C,zl) as
[6, 7, 23]

62 =0.12.C2.£"/6 . [}/6, 1)
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We should note that CS2 is the structure constant
of the turbulence permittivity averaged over the
path L [km], % is the wave number mentioned above.

In Fig. 9 we present the computed index of signal
intensity scintillations versus the structure con-
stant of the turbulence averaged over the path for
different frequencies from 1 to 50 GHz.

It can be seen that approximately for Cf =1
the signal immediately starts to deteriorate; and
as the frequency increases, the index of signal in-
tensity scintillations becomes twice as strong. This
result is very important for us because it helps us
predict the fast fading of the signal within land air-
craft radio communication links passing through
the turbulent troposphere and operating at fre-
quencies in the L/X-band (f > 1...10 GHz).

The fast fading of the signal at open paths is
caused mainly by multipath propagation and turbu-
lent fluctuations of the refractive index. The fluc-
tuations of the signal intensity due to turbulence
are distributed log-normally with the normalized
standard deviation described by the Rytov vari-
ance. For weak fluctuation with the Rytov method,
the scintillation index can be expressed in the fol-
lowing form:

0—10

G% :exp(40%)—1. “42)
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The turbulence attenuation related to scintilla-
tion is equal to G% [dB] and thus the relation for
turbulence attenuation y; according to Rytov’s the-
ory of regular turbulence can be written as [6, 7]

YR =2\23.17.C2 .£/6 . [1V6 43)

Relation of scintillation index and K-para-
meter of fast fading. Another way to calculate the
attenuation due to fast fading effects is to use the
relations between K and the scintillation index o;.
Usually in land wireless communication, instead
of G% parameter of fading K is used [4, 5]. For
Gaussian distribution described zero-mean random
process of turbulent structures evolution (usually
observed experimentally in the irregular atmos-
phere), we could define the relation between the
Ricean parameter of fading K, introduced above,
and the scintillation index c; as

<[I (I )]2> TR _ K2 (44)

<G% > = <I>2 Iczo

where I, and I;,. are the coherent and incoherent
components of the total signal intensity. Results of

computations according to (44) are shown in Fig. 10.
The range <c§> of the scintillation index vari-

ations, from 0.2 to 0.8, was obtained from numer-
ous experiments, where relations between this pa-
rameter and the refractivity of the turbulence in
the irregular atmosphere were taken into account
[4-7, 25, 26]. Thus, from experiments described

there, it was estimated: -~ C,zl ~1071° m_z/ 3 and
~ C,% ~10713 miz/ 3, for anocturnal and a diurnal at-
mosphere at the height around 1-2 km, respectively.

As follows from (44), for <c%—> changing from 0.2 to

0.8, the fading parameter K changes from ~1.2-1.3
to ~3.5—3.8. This indicates the existence of direct
visibility between both terminals, the source and
the detector, accompanied by the weak additional
effects of multipath phenomena caused by multiple
scattering of signals at the turbulent structures,
formed in the disturbed atmospheric regions, ob-
served experimentally [5, 7, 25, 26]. In other words,
a non-linear relation between K and c% states:
when K is high the scintillation index is low and
vice versa; when G% grows to its maximum value,
parameter K reduces to its minimum value. When
this occurs, we get the worst Rayleigh distribution
and the biggest attenuation. The K-parameter can
be used to determine the capacity, spectral efficien-
cy, and BER of data stream sent via communication
channel.
To be continued.
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