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Chapter 1 ®)
Fundamentals of Radio Wave e
Propagation for a Satellite System

Reliable information about the propagation characteristics serves as the backbone for
the design, fabrication, and operation of a satellite system. The transmission of radio
signals from the ground users to the satellite in such a system must pass through the
earth’s atmosphere, including the troposphere and the ionosphere layers. The effect
generated on radio wave propagation by the earth’s atmosphere, the ground, and
different coverings brings about a change in amplitude, phase, polarization, and angle
of arrival of the Earth-space link signal, resulting in signal degradation and even grave
system interruption; hence, it is vital to consider the effect of radio wave propagation
on system performance as well as achievement of projected technical indexes in
the system design [1-3]. How radio wave propagation affects the functioning of the
satellite system depends on the operating frequency, transmission method, angle of
elevation toward the satellite, and local geographic, meteorological, and ionospheric
environment. For example, while rain attenuation plays an important role in satellite
systems operating at the Ku frequency band and above, it rarely affects satellite
systems operating at the L frequency band; similarly, clutter reflections, fading, and
shadowing emerge as instrumental factors responsible for affecting the performance
of a mobile satellite system and are preventable by the selection of a proper terminal
site in the fixed satellite system. While planning and designing a satellite system,
a reliable formulation of the transmission link must be carried out in accordance
with the statistical characteristics of radio wave propagation for the Earth-space link
pertaining to diverse satellite systems, to enhance the environmental suitability of
the link. During the functioning of a satellite system, fade dynamics, short-term
forecasting, and near real-time forecasting can be utilized to ensure the smooth
implementation of anti-fading techniques as well as the planning of system tasks.

This chapter primarily introduces some fundamental knowledge about satellite
systems and radio wave propagation.

© National Defense Industry Press 2025 1
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2 1 Fundamentals of Radio Wave Propagation for a Satellite System

1.1 Parameters of a Satellite System

1.1.1 Operating Frequency

The operating frequency of a satellite system must be greater than 30 MHz, since radio
waves lower than 30 MHz are generally reflected by the ionosphere while passing
through the earth’s atmosphere. The operating frequency of a satellite system is
decided by its service type. The satellite communication system always uses spectrum
window bands present between atmospheric absorption peaks to reduce the absorp-
tion loss and boost the transmission rate by opting for higher and higher frequencies.
Nonetheless, regarding earth resources satellites, their operating frequency depends
on their purpose of detection and remote sensing. For example, the infrared band is
utilized for remote sensing and detection of the temperature of the earth’s surface,
and plant and cloud cover, the microwave band for earth’s surface and ice sheet
thickness detection, the millimeter band for cloud and mist detection, water vapor
absorption band for remote sensing of water vapor, and oxygen absorption band for
remote sensing of dry air.

With the expansion of satellite services and development of relevant techniques,
the operating frequency of the satellite systems has improved. Satellite systems oper-
ating at VHF, UHF, L, and C bands are widely employed in fields such as communica-
tion, remote sensing, and navigation; and satellite systems operating at Ku- and Ka-
bands also appear prevalent among numerous monitoring and detection fields, while
satellite systems operating at EHF band and above are gradually being developed
and implemented in various similar fields (Table 1.1).

By and large, there are two methods to characterize the bands. One of them
is as shown in Fig. 1.1, which is based on the application of the radar system in
1940s, but the boundary division of the frequency bands for the actual application
is not very rigid. The K band is further divided into Ku- and Ka-bands, where the
frequency overlap occurs quite frequently; for example, while the Ku-band covers
the frequency range from 10.9 to 12.5 GHz in some articles, it ranges from 11.7 to
14.5 GHz in others. The other one is the band division method used by the Interna-
tional Telecommunication Union (ITU). As shown in Table 1.2, this method divides
the wavelength ten-fold, making the data much more explicit than the first method.
According to this method, the frequencies utilized for the chief services provided by
a satellite range centrally between VHF and EHF bands; in particular, the majority of
the contemporary satellite systems operate at the SHF band, which is a challenging
frequency range to characterize meticulously.

1.1.2  Polarization and Polarization Angle

Although radio waves radiate outwards spherically, they are perpetually deemed to
be plane waves when moving away from the emission source, and the electrical
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Propagation

direction

Fig. 1.1 Plane wave and polarization

Table 1.1 Frequency band division characterized by alphabets [3]

Plane containing

vector E and H

Symbol | Radar Space communication
Spectrum area/GHz | Frequency band/ | Nominal frequency/ | Frequency band/
GHz GHz GHz
L 12 1.215-14 1.5 1.525-1.71
S 2-4 23-25 2.5 2.5-2.690
2734
C 4-8 5.25-5.85 4/6 3.4-42
45438
5.85-7.075
X 8-12 8.5-10.5
Ku 12-18 13.4-14.0 11/14 10.7-13.25
15.3-17.3 12/14 14.0-14.5
K 18-27 24.05-24.25 20 17.7-20.2
Ka 27-40 33.4-36.0 30 27.5-30.0
\Y% - - 40 37.5-42.5

47.2-50.2
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gilli):ieoiliy (I:,})[r}] IE;H band Frequency band Frequency range Wavelength
ULF 300 Hz-3 kHz 10°-10° m
VLF 3 kHz-30 kHz 10*-10° m
LF 30 kHz-300 kHz 103-10* m
MF 300 kHz-3 MHz 102-10° m
HF 3 MHz-30 MHz 10-100 m
VHF 30 MHz-300 MHz 1-10 m
UHF 300 MHz-3 GHz 10cm-1m
SHF 3 GHz-30 GHz 1 cm-10cm
EHF 30 GHz-300 GHz 1 mm—1 cm

field is vertical to the magnetic-field vector, located in the plane perpendicular to the
direction of propagation at that moment, as shown in Fig. 1.1 [4].

Considering that radio waves propagate in space, if the direction of the electrical-
field vector does not change, the waves undergo linear polarization at that moment,
and if the electrical-field vector rotates around its propagation axis, the waves are
circularly polarized. The circular polarization entails two orthogonal linearly polar-
ized electric vectors of equal amplitude with a 90° phase difference. Elliptical polar-
ization forms the most general type of polarization for electromagnetic radiation,
with linear and circular polarization being its special cases. The polarization method
adopted by a system depends on various factors. As a general principle, the negative
effect of propagation on linearly polarized waves must be smaller than that on circu-
larly polarized waves. At the same time, the circularly polarized antennas deliver far
more benefits than the linearly polarized antennas, such as simple structure, ready
manufacturability, and low cost. However, when radio waves exhibit circular or rota-
tory orientation owing to the presence of media, the circularly polarized waves are
deemed more suitable since the low-frequency radio waves usually pass through the
ionosphere.

The polarization angle is applied to establish whether the direction of the linearly
polarized waves emitted by the satellite overlaps with that of the receiving antennas
at the ground station. According to the electromagnetic field theory, plane waves with
the electric field intensity perpendicular to the incident plane are defined as perpen-
dicularly polarized waves, and plane waves with the electric field vector parallel to
the incident plane are defined as parallelly polarized waves. For engineering appli-
cation, plane waves with the electric field vector parallel to the ground surface are
defined as horizontally polarized plane waves, and plane waves with the electric field
intensity perpendicular to the ground surface are defined as vertically polarized plane
waves, and these definitions with reference to earth’s surface appear more direct in
nature. With respect to the linearly polarized waves emitted by the satellite, the hori-
zontal polarization is generally defined as electric field vector being parallel with
the equatorial plane, while the perpendicular polarization is defined as electric field
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Fig. 1.2 Sketch of reference
surface

Local horizontal plane

vector being parallel with the polar axis of the earth. In this case, these two polariza-
tions act parallel to the ground surface at the sub-satellite point of the equator, and
the polarization vector forms a certain angle with reference to the earth’s surface at
other points in the beam cover areas of the satellite. According to preceding research
findings, the plane in which the propagation direction is perpendicular to the local
gravity direction (plumb line) should be selected as the reference surface, as shown in
Fig. 1.2. k in the figure refers to the propagation direction of electromagnetic waves,
and r denotes the direction of local gravity.

If observing from the ground station toward the satellite, the turner should be
adjusted according to the following angles with respect to the original polarization
direction

Y = arccos
sin¢y {1 — [Rg/(RE + Rg)]cos Lcos ¢}
((cos? ¢y sin? L+ sin? ¢y ){[Rg /(R + Ro)12 cos? ¢y, + 1 — 2[Rg/(RE + Ro)] cos Leos ¢y 1)'/?

(1.1)

In the formula: Rg refers to earth’s radius (km), R refers to height of a geosta-
tionary satellite above the earth (km), ¢, refers to absolute value of latitude of the
ground station (°).

L is calculated using the following formula:

L=|6s— 06| (1.2)
In the formula: 9, refers to longitude of sub-satellite point (°); ¢, refers to

longitude of the ground station (°).
Because Ry >> Rg, formula (1.1) can be simplified as

Y = arctan S (1.3)

tan ¢>L

In the northern hemisphere: If the ground station is located at west of the meridian
of the satellite, ¥ refers to the angle that should be rotated counterclockwise; if the
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i {(degrees)
o~
o
L

- ——— Accurate formula
35 - = - = Simplified formula
30 -

. : v—r—r v
20 30 40 S0 60 70 80 90 100
L(degrees)

Fig. 1.3 Comparison between accurate formula (1.1) and simplified formula (1.3)

ground station is located at east of the meridian, then 1 refers to the angle that should
be rotated clockwise. The conditions are reversed for the southern hemisphere. The
final polarization angle of the receiving antennas is the sum of (counterclockwise)
or the difference between (clockwise) its initial polarization angle (0° for horizontal
polarization and 90° for perpendicular polarization) and .

The calculation result for formula (1.3) is almost identical with that of formula
(1.1),Fig. 1.3 provides the result for formula (1.2) and formula (1.3) at 30° of northern
latitude changing with L, with max error not more than 0.3° [5].

1.1.3 Azimuth Angle and Elevation Angle of Antennas
at the Ground Station

For radio wave propagation prediction and satellite system application, identifying
the elevation angle and azimuth angle of antennas at the ground station is essential,
as shown in Fig. 1.4. The following methods can be used to calculate these angles.

(a) Azimuth angle;
(b) Elevation angle.

Firstly, we calculate a middle angle A”:
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north

west /A east
S

south

Fig. 1.4 Azimuth angle and elevation angle of antennas at the ground station

tans — 6
A = tan~! (M> (1.4)

sin ¢L

In the formula: 6, refers to longitude of the ground station (°); @ refers to latitude
of the ground station (°); and 6 refers to longitude of the sub-satellite point (°).

The formula of azimuth angle A is shown as follows because the relative position
of the ground station and the sub-satellite point is different.

When the ground station is located at the northern hemisphere and the satellite is
at south by east, A = 180° — A’; and when the satellite is at south by west, A = 180°
+ A’. When the ground station is located at the southern hemisphere and the satellite
is at north by east, A = A’; and when the satellite is at north by west, A = 360° — A’.

The formula of the elevation angle A is

E =tan”! { [cos ¢ cos(0; — 0,) — RTE]/\/I — [cos ¢ cos(6;, — 95)2]} (1.5)

In the formula: r refers to the orbital radius of the geostationary satellite, r =
42164.2 km; Rg, refers to the earth’s radius, R = 6378.155 km.

1.2 Free-Space Propagation Loss (FSPL)

The free space denotes the propagation space devoid of any medium attenuation,
obstacle, and multipath effects. This space is an ideal concept that only exists hypo-
thetically. It is normally acknowledged that as long as the atmosphere above ground
comprises the isotropic homogenous media, its relative dielectric constant ¢, and
relative magnetic conductivity u are both equal to 1, there is no obstacle in the
propagation path, and the field intensity of the reflected signal toward the receiving
antennas stationed at the ground can be ignored. Thereby, this entire scenario can be
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considered as free-space propagation. Free-space radio wave propagation, regarded
as the most elementary and simplest propagation method for radio waves, provides
an effortless propagation environment for radio wave propagation. The free-space
propagation loss, which is caused by the diffusion of radio waves radiated from
antennas into space, is the basic propagation loss for radio propagation of a satellite
system, and while there are normally no other effects attenuating the signal in free
space situation, other propagations could produce added effects with respect to the
free-space propagation loss.

When radio waves radiating from a point source propagate in free space, their
energy is evenly diffused into a spherical shape. In case of directive antenna, radio
waves are centered in one direction, and they gain in this direction. If transmission
power of transmitter is P;, gain is G, effective receiving area of receiving antennas is
A,, path length is d, media loss of path is L, the receiving power of receiving antennas
is as shown in the following formula as per diffusion rule of signals in free space.

_ PG, A,
" 4mxd? L

(1.6)

In this formula, the effective receiving area of receiving antennas A, can be
expressed by the gain of receiving antennas G, and wavelength A, that is

A, =G, /(47 /37) (1.7)

We can reduce the formula as shown below by plugging formula (1.7) into formula
(1.6):

P, = P,G,G,/(4nd /0)? = P,G,G, /Ly (1.8)

In the formula: Ly = (4 d/}X) denotes the free-space propagation loss. This value
is in dB and after converting wavelength into frequency, we can obtain the final
formula as

[Lo] = 92.4 +201g(d) + 201g(f) dB (1.9)

In the formula: Distance d is expressed in km, frequency f in GHz.

For example, assume the distance between the ground station and the fixed satellite
to be 37,000 km, operating frequency is 20 GHz, then the calculation using formula
(1.9) delivers 209.8 dB of free-space attenuation. This value seems very large, signi-
fying that the free-space attenuation in the satellite system under consideration forms
the main transmission loss.

According to formula (1.9), the free-space attenuation intensifies with a rise in
frequency, and the relationship between gain and frequency of the antennas is as
shown below:
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4 4,
G=101Ig )L_erﬁ’ =101g c—zf Agr | =21.45+201gf +101gAc dB
(1.10)

In the formula: A is the effective area of the antennas

According to formula (1.10), when the effective area of the antennas remains
constant, the gain of antennas increases with an increase in frequency. If the effective
area of the antennas does not change, the total receiving power can be calculated using
the formula (1.8):

[Pr] = [P]+ [G/]+ [Gr] — [Lo]
=[P,]—49.5+201gf —201gd + 101gA, + 101gA, (1.11)

In the formula: A7, Ag are effective areas of transmission and receiving antennas,
respectively

1.3 Overview of Radio Wave Propagation Effects
on a Satellite System

Although the free-space propagation loss is regarded as the most pivotal loss found in
satellite-ground links, its value is a fixed value with respect to fixed links and can be
easily predicted while planning the system design since it holds a fixed relationship
with distance. However, when the radio waves propagate between the satellite and the
ground, the high-altitude ionosphere, low-altitude atmosphere, and multiple intricate
features of the earth’s surface come into play and can generate arbitrary complex
propagation effects on the radio waves. The reliability of the links of a satellite
system could be highly compromised if these effects are overlooked while designing
the system, and thus, these effects must be viewed as critical factors that are capable
of greatly influencing the environmental suitability of satellite links in a satellite
system design.

1.3.1 Earth’s Atmosphere

Under the influence of the earth’s gravitational force, various components of the atmo-
sphere surrounding our planet get engaged to form the earth’s atmosphere. Owing to
the earth’s rotation and difference in the solar radiation absorption degree of atmo-
sphere layers at different altitudes, the atmosphere is even in the horizontal direction
and shows an evident distribution of layers in the perpendicular direction, thus, the
atmosphere can be divided into multiple layers in accordance with different thermo-
dynamic properties, ionospheric conditions, and atmosphere components. By and
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large, there are several methods to define the atmospheric strata, including @ being
divided into troposphere, stratosphere, mesosphere, and thermosphere by thermal
structure of neutral components; @ being partitioned into homosphere and hetero-
sphere by chemical components of the atmosphere; @ being divided into neutro-
sphere, ionosphere, and magnetosphere by electromagnetic properties of the atmo-
sphere; @ by pressure structure of the atmosphere—the atmosphere from 500 to
2,000-3,000 km above ground level is called as exoatmosphere or exosphere that
gradually transits to the interplanetary space, and the space below interplanetary
space is called as barosphere [6, 7]. In radio wave propagation research, we divide
the atmosphere into the troposphere, stratosphere, ionosphere, and magnetosphere,
as shown in Fig. 1.5 [8, 9]. During the propagation of radio waves at common
frequency bands, the waves are affected the most in the troposphere and ionosphere.
The atmospheric environment influencing radio wave propagation is also called as
spatial radio environment, in which, the troposphere, as the atmospheric layer closest
to the ground, exhibits evident convective motion. In general, the highest altitude of
the troposphere around the equator and tropic ranges from 15 to 20 km, that of the
polar region and mid-latitude zone ranges from 8 to 14 km, and hence, the 3 GHz
frequency band and above (SHF, EHF, THF) gets mainly affected by the troposphere
layer. The ionosphere, being the ionized space of earth’s atmosphere, usually refers
to the space ranging from 60 to 1,000 km above the ground level, and the 3 GHz
frequency band and below (SHF, UHF, VHF) mainly gets affected by it.

1.3.2 Radio Wave Propagation Effects

The radio wave signals of a satellite system pass through the entire atmospheric
envelope. The atmospheric components of the troposphere, layering structure, atmo-
spheric turbulence, and meteorological phenomena such as cloud, snow, rain, fog,
ionospheric structure, space changes, and irregularities produce diverse propagation
effects and influences on radio waves; and the ground (or sea) surface reflection,
terrain, and surface features scattering, diffraction, and shadowing tend to affect
a satellite signal very differently in terms of propagation as the signal approaches
the earth’s surface. The chief propagation effects influencing the performance of
a satellite system are provided in Table 1.3 and described at length in subsequent
chapters.



1.4 Function of Radio Wave Propagation in Designing of a Satellite System 11

A

Magnetosphere

1000f— — — — — — — — —

200 — — — — —t

150 — — — — —

100 [~
lonosphere

©
S
I

Altitude/km

Stratopause

50

Stratosphere
40 I~ ) ;
Approximate vacuum propagation

30

20

&— Tropopause
10 pop

Troposphere

\4

0 T T T T T T T T T
160 180 200 220 240 260 280 300 900 1500
Temperature/K

Fig. 1.5 Structure sketch of layering of the atmosphere

1.4 Function of Radio Wave Propagation in Designing
of a Satellite System

The intricate and varying atmospheric environment makes the influence of the atmo-
sphere and the ground on satellite signals a complex matter. The influence of radio
wave propagation on the signals also varies substantially with different locations
of ground users. For the 3 GHz frequency band and below, the propagation effects
produced by the ionosphere on the radio waves, such as scintillation, time delay, and
dispersion play an important role in the performance of a satellite system, but such
effects vary significantly with latitudes. For example, scintillation always occurs in
low-latitude areas near the equator (around the south of China) and mainly at night.
A strong scintillation process can result in a scintillation fading of 20 dB signal and
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Table 1.3 Main propagation effects of a satellite system

Environment Influence mechanism for radio wave propagation Relative
factor frequency band
Troposphere The scintillation effect due to inhomogeneities of the VHF/UHF/SHF/
refractive index, including amplitude and phase of EHF
receiving signal, swift variation in angle of arrival, and
reduction in effective gain of antennas
Absorption of radio wave energy by gas molecules, such | UHF/SHF/EHF
as oxygen and water vapor
Absorption of radio wave by water vapor condensates UHF/SHF/EHF
(rain, snow, cloud, fog), attenuation, and depolarization
generated by scattering
Ionosphere Ionospheric refraction effect due to large- scale VHF/UHF/SHF
inhomogeneities of electron concentration, including
group delay, dispersion, and Doppler frequency shift
Scintillation due to small-scale inhomogeneities of VHF/UHF/SHF
electron concentration, including signal amplitude,
phase, and random fluctuation in the angle of arrival
Faraday rotation effect due to geomagnetic field, VHF/UHF
including polarization loss and reduction in
cross-polarization resolution
Tonospheric absorption due to electron collision VHF
Ground (or sea) | Multipath decline and attenuation due to ground (or sea) | VHF/UHF/SHF/
surface surface reflection EHF
Multipath attenuation, shadowing attenuation, and VHF/UHF/SHF/
diffraction attenuation due to surface features EHF

above causing interruption of system links, but such scintillation is much less likely
to occur around in northern China, and even if it takes place, the scintillation inten-
sity is much smaller, producing a minimal influence on the system. When a satellite
system operates at the 10 GHz frequency band and above, the meteorological envi-
ronment becomes the primary factor affecting the radio wave propagation. However,
the impact of rainfall is especially severe and could cause a signal attenuation of
up to tens of decibels, or even a critical interruption of satellite link signals. Since
China is spread over a vast territory crossing over different climatic regions (from
wet and rainy southeastern coastal areas to dry and arid areas near the northwest
frontier), there exist huge differences in features of radio wave propagation of the
satellite systems. For users of mobile services provided by satellites, it is impera-
tive to consider propagation effects, such as the multipath decline effect caused by
ground (or sea) surface reflection, the shadowing effect of trees and buildings, and
penetration loss of buildings, except for the atmosphere effect.

In view of the above-mentioned information, the influence of radio wave propa-
gation, which has significant geographic differences, forms the essential factor to be
considered for the scientific planning and design of a satellite system, directly influ-
encing its reliability. Propagation design not only emerges as a crucial assurance of
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reliable operation under different application conditions of a satellite system as well
as a key for its environmental suitability design, but also contributes greatly to the
rational allocation of system resources of satellite and ground applications, enhances
system performance, and offers technical support for the fabrication, development,
and application of a satellite system [10-13].

The analysis process of common links in designing a satellite system is provided

in Fig. 1.6.
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Chapter 2 ®)
Clear-Air Effects St

Tropospheric influence on the radio wave propagation of a satellite system can
be primarily divided into clear-air effects and hydrometeor effects, which affect
the key propagation factors determinative of the satellite’s system performance at
30 GHz frequency band and above [1-3]. Clear-air effects mainly include refrac-
tion/scintillation and defocusing effects of altitude-varying atmosphere, the effect
of runoff generation structure in the atmosphere on the radio waves, and absorp-
tion attenuation of the radio waves due to the oxygen and water vapor molecules
present in the atmosphere [4, 5]. Hydrometeor effects are principal indicators of
scattering/attenuation and depolarization effects generated at the time of interaction
of radio waves with hydrometeors, such as rain, snow, cloud, and fog, which are the
critical contributors affecting the performance of a satellite system operating at Ku
frequency band and above. Troposphere propagation shares an inextricable link to
meteorology and relevant climatic conditions. China possesses a widespread terri-
tory crossing into different climatic regions and hence, a great variety of effects of
rainfall/cloud and gaseous attenuation on the radio signals of a satellite system in
different regions can be observed. Therefore, according to the characteristics of radio
waves in different environments, reliable forecasting of radio wave propagation in
diverse regions becomes highly valuable in terms of applicability, design reliability,
system resource allocation optimization, and satellite system management. The rela-
tionship between meteorological parameters of the radio waves of the troposphere
and earth-space propagation effects is provided in Fig. 2.1 [6].

© National Defense Industry Press 2025 15
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2.1 Atmospheric Refractive Effects

2.1.1 Atmospheric Refractive Index [7]

The ratio of the propagation speed of radio waves in a vacuum to that in optical media
is called as media refractive index “n,” which can be expressed using the following
formula:

n=1+N x107° 2.1)

In the formula: N denotes atmospheric refractivity, called as N unit, which can
be expressed as a sum of dry and wet items of refraction rate:

77.6 e .
N = Nary + Nowt =~ (P + 481()?) (N-units) 2.2)

In the formula: N 4y refers to a dry item of refractivity, N gy =77.6 x ? ; N et refers
to a wet item of refractivity, Nye = 3.732 x 10° x e/T¢; P is atmospheric pressure
(HPa); e represents vapor pressure (hPa); and T refers to absolute temperature (K).
The relationship between vapor pressure “e” and relative humidity H (%):

_H-es
~ 100

2.3)

e,=EF -a- exp[%} (2.4)
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g:rlzllr:lezt.elrs Za]l;if);n ddin Parameter Water (—40 to 450 °C) Ice (=80 to 0 °C)
different environments a 6.1121 6.1115

b 18.678 23.036

c 257.14 279.82

d 234.5 333.7

In Formula (2.4): when calculating water, EF yer = 1 + 10 x [7.2 + P(0.0032
+5.9 x 1077 x £2)] [1]; when calculating ice, EFjce = 1 + 10 ~* x [2.2 + P(0.00382
+6.4x 1077 x ).

In the formula: ¢ is temperature (°C), e, denotes saturated water vapor pressure
(hPa) at temperature ¢. Parameters a, b, ¢, and d are listed in Table 2.1.

Vapor pressure e (hPa) can also be calculated using the following formula:

e= —— (2.5)

In the formula: p signifies vapor density (g/m?).

ITU-Radiocommunication Sector (ITU-R)-analyzed global statistical data for
atmospheric refractivity at different altitudes for a period of 5 years collected from
over 1,000 surface meteorological stations. The result of the analysis suggests that
the atmospheric refractivity approximately varies linearly with the altitude from sea
level up to 1 km. In the entire troposphere, the refractivity basically abides by the
negative exponential distribution:

Ny = Ny exp(—hy/ ho) (2.6)

In the formula: N, refers to atmospheric refractivity at altitude hy; h, denotes
altitude (km); ko is nominal height (km); and N refers to atmospheric refractivity
at sea level. Under standard atmospheric conditions [8]: Ng = 315, hy = 7.35 km.

2.1.2 Ray Bending and Effective Earth Radius [9]

Atmospheric refractive index gradient varies with the increase in altitude, resulting
in the bending of radio waves when crossing through the troposphere. Since the
refractive index decreases progressively with the increasing altitude by an exponential
distribution, the vertical gradient of the refractive index must be taken into account
when the refraction is considered. At this moment, the curvature of any point of radio
rays can be expressed as

cos ¢ dn
=— — 2.7
n dh @D

1
0
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In the formula: p refers to curvature radius of ray path; n is refractive index of
the atmosphere; Z—Z represents the vertical gradient of refractive index; ¢ refers to
elevation angle of ray at this point.

When the rays bend toward earth’s surface, that is, when the refractive index
reduces with altitude, the curvature of radio rays obtains a positive value. At
radio wave frequencies, such bending effect or refraction appears independent of
frequency. When the propagation path is close to the horizontal path, ¢ approx-
imately equals to 0, and n is very close to 1, then Formula (2.7) can be further

simplified as shown below:

1__dn 2.8)
o dh

According to Formula (2.8), if the refraction gradient is a constant, then the
propagation trace is an arc. At this moment, if the refractive index of the atmosphere
is distributed evenly and horizontally, the propagation can be regarded as a rectilinear
propagation by equalizing the earth to derive an effective earth’s radius as R, = ka.
The relationship between effective earth radius and the real earth is

1 1  dn 1
ka~a dh R @)

In the formula: “a” refers to radius of real earth (km); k refers to effective earth
radius factor.

Applying this method (effective earth radius), the path of propagation rays can be
deemed as straight lines, regardless of their elevation angle. Noticeably, the refrac-
tion gradient can only be interpreted as a constant if and only if the propagation path
is horizontal. Essentially, when the altitude is lower than 1 km, the profile of the
refractive index can be approximated using a linear model. Under standard atmo-
spheric conditions dN — _39 (N unit/km), effective earth’s radius factor k = 4/3,

> dh
effective earth’s radius R, = 8,500 km.

2.1.3 Apparent Elevation Angle of a Satellite

During practical implementation, the radio waves transmitted from the ground station
bend toward earth’s surface by reason of atmospheric refraction. The apparent eleva-
tion angle of the satellite is different from its real elevation angle in free-space prop-
agation; the error of elevation angle 7'(h, ) caused by the atmospheric refraction can
be defined using the following formula:

t(h,0) = — /OO &dx (2.10)
n n(x)tang
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In Formula (2.10), ¢ is determined by considering Snell’s law in the polar
coordinate system:

_ (r+ hn(h)cos6

"+ 0n0) (2.11)

In the formula: % refers to the altitude of ground station (km); r denotes earth’s
radius (usually using 6,370 km); x represents the integration variable (km) in Formula
(1.2); 6 refers to elevation angle (°); and n(x) and n(h) refer to refractive indices at
altitudes x and A, respectively.

ITU-R provides the approximation method for the determination of t(h, 6) under
reference atmospheric conditions:

T(h,0)
1

= (2.12)
[1.314 4 0.64376 + 0.0286962 + h(0.2305 + 0.094286 + 0.0109662) + 0.008583h2]

The above formula is obtained in the case of 0 <2 <3 kmand 6,, <0 < 10°, but
the case of 10° < 6 < 90° offers a remarkably approximate result. 6,, is the angle
at which the radio waves touch the earth’s surface at a tangent. 6,, can be calculated
using the following formula:

__ r_ no
0, = arccos<r+h n(h)) (2.13)

An approximate value of 6,, can also be obtained using 6,, = —0.875+/h.

Assume the elevation angle of the satellite to be 6 and the minimum elevation
angle of the ground station to be 6,, in the case of free-space propagation, and the
angle correction corresponding to 6,, is T (h, 6,,). The satellite can be positioned
within the visual scope of the ground station only when the following formula is
established:

Qm - t(hv em) = 90 (214)

When the satellite is positioned within the visual scope of the ground station, the

apparent elevation angle with consideration of atmospheric refraction can be derived
using the following formula:

0 —(h,0) =6 (2.15)

Here, the apparent elevation angle can also be calculated directly using the following
formula:

0 = 6y + 7,(h, 6) (2.16)
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Table 2.2 Angle deviation when radio waves pass through the atmosphere

Pitch angle/(°) | Average angle refraction error A6/(°)

Polar continental | Temperate Temperate marine | Tropical marine
climate zone continental climate zone climate zone
climate zone

2 0.45 0.36 0.38 0.65
0.32 0.25 0.26 0.47

10 0.21 0.11 0.12 0.27

20 0.10 0.05 0.06 0.14

30 0.03 0.04

Pitch angle/(°) | A8 fluctuation per day

1 0.1 (root-mean-square value)

10 0.007 (root-mean-square value)

In the formula: 7 (h, 0y) is the function of 0.

t(h, 0y) = 1 / [1.728 4 0.54116, + 0.0372362

+ h(0.1815 4 0.062726 + 0.013863) + 12(0.01727 + 0.0082886) ]
2.17)

Table 2.2 provides the average angle refraction error and random fluctuation value
when the radio waves measured by radar, radio altimeter, and radio astronomy pass
through the atmosphere.

2.1.4 Focusing and Defocusing Effects

In practice, antenna beams are widened or narrowed since the degree of refraction
varies with the elevation angle of the antenna beams under the influence of the atmo-
sphere, effectuating in varying gain of antennas as well as level of signal reception,
but it counts for a negligible effect in case the elevation angle is larger than 3°. The
following formula can be used to calculate the focusing and defocusing loss or gain
of the atmosphere:

b= x1g(B) (2.18)
In which,

B =1-[0.5411 + 0.07446, + 1(0.06272 + 0.02766,) + 0.08288h°] /
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[1.728 + 0.54116) + 0.037267 + h(0.1815 + 0.062726, + 0.013862)
+12(0.01727 + 0.008286,)]”

In the formula: 6 is the elevation angle between the receiving and launching
terminal (°), 6y < 10°; A is the altitude of the launching station or receiving station
near the ground (4 < 3 km); and b is the level fluctuation of the signal with respect
to free-space propagation (dB). If the launching station is located on or close to the

earth’s surface, then the symbol in the formula should be “-,” and if the satellite is
the launching source, then the symbol should be “+.”

2.1.5 Excess Radio Path Length

The refractive index of the troposphere is larger than 1 and varies with the altitude
so that the radio wave propagation speed remains lower than the free-space speed
of light. The length of the radio path between the ground station and the satellite
exceeds the length of its geometric path since the propagation rays bend undergoing
an atmospheric refraction effect. These differences in distance can be calculated
using the following integrations:

B
AL = f (n — 1)ds (2.19)
A

In the formula: s refers to the length of the propagation path; n refers to the
refractive index; A and B refer to terminals of path.

When the temperature of earth’s surface, atmospheric pressure, and relative
temperature are known, the excess radio path length can be calculated using the
following semi-rational formula:

ALy
L= 6(¢o, AL 2.20
sin ¢ (1 + k cot? ¢g)1/2 +9(o V) 220

In the formula: ¢ refers to the elevation angle of the observation point; ALy
refers to the distance refraction error of the vertical path; k and § (¢g, ALy) are
correction items in exponential atmospheric model calculation.

Note that item § (¢9, ALy ) denotes the refraction bending effect of the rays, the
value of which is usually negligible owing to its small value, except in the case of
a small elevation angle. For example, the error is only 3.5 cm when the elevation
angle is 10°, the error is only 0.1 mm when the elevation angle is 45°, but this item
is not ignored when the elevation angle is smaller than 5°. Vertical distance error is
determined using the following formula:
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Table 2.3 Value of coefficient a; and b;

Geographic position aj b

Coastal region (islands or regions that are less than 10 km from |5.5 x 107* |2.91 x 1072
coastline)

Equatorial inland region 6.5 x 107* [2.73 x 1072
Other regions 73 x 107% 235 x 1072

ALy = 0.00227P + f(T)H

In the formula: P refers to the atmospheric pressure of ground (hPa); f(T') refers
to function of ground temperature; f(7') is dependent on the geographic position and
can be determined using the following formula:

f(T) =ap- 1077

In the formula: T refers to temperature (°C); values of coefficient a; and b; are
relative to geographic position, as shown in Fig. 2.3 (Table 2.3).

Assume that the change of atmospheric refractive index N with altitude 4 is in
exponential distribution:

N(h) = Nyexp(—h/ ho)

In the formula: N, refers to average value of refractive index of earth’s surface;
h() is

hy = 1()6&

A

Then, k can be obtained using the following formula: k = 1 — [W]
In the formula: n, and n(hg) refer to refractive index values at earth’s surface and
at altitude hy, respectively; r and r(hg) refer to the distance of ground and altitude &

from earth’s core, respectively.

2.2 Attenuation Due to Gaseous Absorption [10]

Stimulated by radio waves, gas molecules transit from one energy state to another,
and gas molecules absorb the energy of radio waves causing attenuation of the
intensity of radio signals [10]. Oxygen and water vapor in the troposphere act as
the primary absorbers of radio waves, with the resulting attenuation caused by the
gaseous absorption showing an increasing trend with the rise in frequency, accompa-
nied by a large amount of resonant absorption frequency. At 35 GHz frequency band



2.2 Attenuation Due to Gaseous Absorption [10] 23

and below, oxygen has a series of absorption lines near 60 Hz to form an oxygen
absorption band and exhibits an isolated absorption peak at 118.74 GHz. The water
vapor absorption line is found at 22.3, 183.3, and 323.8 GHz. Gaseous absorption
produces pressure broadening effect, namely, the line width of gaseous absorption
broadens with the increase in atmospheric pressure. When the standard atmospheric
pressure of the ground is 1013 mbar, the width of the absorption line is between
1 and 3 MHz. At the height of 20 km, the atmospheric pressure, however, is only
13 mbar, and the width of the absorption line seems significantly reduced to tens
of kHz. There are tens of oxygen absorption lines within the 50-70 GHz frequency
band. The atmospheric pressure reduces with the rise in altitude, hence, the width of
absorption lines is fairly greater than the interval of absorption lines when the line
is near the ground, and the width of absorption lines overlaps to form a continuous
oxygen absorption band. Nonetheless, the width of absorption lines is considerably
smaller than the interval of absorption lines at high altitude, and at this moment,
the continuous oxygen absorption band at low altitude transforms into independent
absorption lines.

2.2.1 Line-by-Line Calculation of Gaseous Attenuation

1. Line-by-line calculation of gaseous attenuation

Gaseous attenuation can accumulate resonance absorption lines of oxygen and water
vapor following a line-by-line summation, which can be used to precisely calculate
the gaseous attenuation rate (characteristic attenuation), using atmospheric temper-
ature, relative humidity, and pressure parameters taking into account below 10 GHz
non-resonance Debye absorption spectrum of oxygen, above 100 GHz nitrogen
attenuation caused by atmospheric pressure, and additional continuous water vapor
absorption found during the test. The gaseous attenuation rate y is calculated using
the following formula:

Y =Y+ v = 0.1820/N"(f)  dB/km (2.21)

In the formula: y, refers to attenuation rate of dry air (including oxygen atten-
uation, nitrogen attenuation caused by atmospheric pressure, and non-resonance
Debye attenuation) (dB/km); y,, refers to vapor attenuation rate (dB/km); f denotes
frequency (GHz).

N"( f)refers toimaginary part of the complex refractive index related to frequency,
that is

N'(f) =Y SiF; + Nj(f) (2.22)
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In the formula: S; refers to intensity of ith absorption line; F; refers to shape factor
of ith absorption line.

The summation of all the lines is calculated using the Formula (2.22). N”p(f)
refers to the contribution of nitrogen absorption due to atmospheric pressure and
continuous absorption spectrum of Debye absorption spectrum to imaginary part of
the refractive index.

-7 3 _
5 — {al x 1077p(300/T)> explaz(1 — 300/T)] oxygen (223)

by x 1071e(300/T)*3 exp[b»(1 — 300/T)] water vapor

In the formula: P refers to dry-air pressure (hPa); e denotes vapor pressure (hPa);
total atmospheric pressure is represented by Py = P + ¢,. T refers to temperature
(K). Vapor pressure e can be calculated using vapor density p:

T
o= P (2.24)

While calculating the gaseous attenuation rate, profile data of P, e, and T measured
locally must be utilized effusively. The standard atmospheric data can be referred to
and utilized in the absence of local measurement data.

Shape factor F; of ith absorption line is

F:Ji[ Af =8(fi=f) n Af =8(fi +f) } (2.25)

CALGEO A () + Af?

In the formula: f; refers to frequency of absorption line; Af refers to width of
absorption line and is indicated as

Af =@ 10~4(po 849 4 1.1e0) oxygen (2.26)
by x 107 (ph?* 4 bsed®s) water vapor ’
Due to Doppler broadening effect, line width Af is required to be corrected as
Af?+42.25 x 10~ oxygen
= \/ 2.1316x 10~ 12f2 (2.27)
0.535Af + \/0.217Af2 + =——,;— water vapor

—4 0.8
5= { (as + agh) x 107*(p + €)0°® oxygen (228)

0 water vapor

The spectral line of oxygen attenuation is provided in Table 2.4, and the spectral
line value of water vapor attenuation is provided in Table 2.5.

Nitrogen absorption prompted by atmospheric pressure and continuous absorption
of dry air formed by Debye absorption can be given as
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Table 2.4 Spectral line of oxygen attenuation [10]

25

fi a) a a3 a as ag
50.474214 0.975 9.651 6.690 0.0 2.566 6.850
50.987745 2.529 8.653 7.170 0.0 2.246 6.800
51.503360 6.193 7.709 7.640 0.0 1.947 6.729
52.021429 14.320 6.819 8.110 0.0 1.667 6.640
52.542418 31.240 5.983 8.580 0.0 1.388 6.526
53.066934 64.290 5.201 9.060 0.0 1.349 6.206
53.595775 124.600 4.474 9.550 0.0 2.227 5.085
54.130025 227.300 3.800 9.960 0.0 3.170 3.750
54.671180 389.700 3.182 10.370 0.0 3.558 2.654
55.221384 627.100 2.618 10.890 0.0 2.560 2.952
55.783815 945.300 2.109 11.340 0.0 —1.172 6.135
56.264774 543.400 0.014 17.030 0.0 3.525 —0.978
56.363399 1331.800 1.654 11.890 0.0 —2.378 6.547
56.968211 1746.600 1.255 12.230 0.0 —3.545 6.451
57.612486 2120.100 0.910 12.620 0.0 —5.416 6.056
58.323877 2363.700 0.621 12.950 0.0 —1.932 0.436
58.446588 1442.100 0.083 14.910 0.0 6.768 —1.273
59.164204 2379.900 0.387 13.530 0.0 —6.561 2.309
59.590983 2090.700 0.207 14.080 0.0 6.957 —0.776
60.306056 2103.400 0.207 14.150 0.0 —6.395 0.699
60.434778 2438.000 0.386 13.390 0.0 6.342 —2.825
61.150562 2479.500 0.621 12.920 0.0 1.014 —0.584
61.800158 2275.900 0.910 12.630 0.0 5.014 —6.619
62.411220 1915.400 1.255 12.170 0.0 3.029 —6.759
62.486253 1503.000 0.083 15.130 0.0 —4.499 0.844
62.997984 1490.200 1.654 11.740 0.0 1.856 —6.675
63.568526 1078.000 2.108 11.340 0.0 0.658 —6.139
64.127775 728.700 2.617 10.880 0.0 —3.036 —2.895
64.678910 461.300 3.181 10.380 0.0 —3.968 —2.590
65.224078 274.000 3.800 9.960 0.0 —3.528 —3.680
65.764779 153.000 4473 9.550 0.0 —2.548 —5.002
66.302096 80.400 5.200 9.060 0.0 —1.660 —6.091
66.836834 39.800 5.982 8.580 0.0 —1.680 —6.393
67.369601 18.560 6.818 8.110 0.0 —1.956 —6.475
67.900868 8.172 7.708 7.640 0.0 —-2.216 —6.545
68.431006 3.397 8.652 7.170 0.0 —2.492 —6.600
68.960312 1.334 9.650 6.690 0.0 —2.773 —6.650

(continued)
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Table 2.4 (continued)

fi a a a3 a as ag
118.750334 940.300 0.010 16.640 0.0 —0.439 0.079
368.498246 67.400 0.048 16.400 0.0 0.0 0.0
424.763020 637.700 0.044 16.400 0.0 0.000 0.000
487.249273 237.400 0.049 16.000 0.0 0.000 0.000
715.392902 98.100 0.145 16.000 0.0 0.000 0.000
773.839490 572.300 0.141 16.200 0.0 0.000 0.000
834.145546 183.100 0.145 14.700 0.0 0.000 0.000

6.14x 105 | 14x1072p0'3
2 ~5£15
d|:1+(§):| 14+1.9x 10-5f

In the formula: d refers to the width coefficient in the Debye absorption spectrum.

Nj(f) = fpo*

(2.29)

d =5.6x10"4pg"8 (2.30)

Figure 2.2 exhibits the gaseous attenuation rate at sea level and dry-air attenuation
under the standard atmospheric conditions (with 1013 hPa of sea-level pressure, 15
°C of temperature, and 7.5 g/m® of vapor density).

Figure 2.3 provides the gaseous attenuation rates near the 60 GHz oxygen absorp-
tion band at different altitudes. The figure illustrates that multiple oxygen absorption
lines above sea level combine to form a continuous absorption band attributable to
the pressure broadening effect, but at higher altitude, separate single absorption lines
are lucidly visible due to the narrowing width of the oxygen absorption line.

2. Integration calculation of gaseous attenuation of earth-space slant path

The propagation path of a satellite system traces through the atmosphere, and the
gaseous attenuation rates vary with different altitudes.

The total gaseous attenuation achieved via the slant path when radio waves pass
through the atmosphere is obtained by path integration of gaseous attenuation calcu-
lated using the line-by-line integration method mentioned above. When altitude of the
ground station is / and elevation angle of the satellite is 8, then gaseous attenuation
of satellite-ground links A (A, ) is calculated using the following formula:

Ah, 6) = /Oo v oy 2.31)
L sing

In the formula: calculation formula for ¢ refers to Formula (2.11).
Figure 2.4 provides standard atmosphere and dry-air attenuation in the plumb
direction, with a frequency interval of 1 GHz and a vertical integration step of 1 km.
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Table 2.5 Data of spectral line of water vapor attenuation [10]

fi by by b3 by bs be

22.235080 0.1079 2.144 26.38 0.76 5.087 1.00
67.803960 0.0012 8.735 28.58 0.69 4.930 0.82
119.995940 0.0008 8.356 29.48 0.70 4.780 0.79
183.310091 2.4200 0.668 30.50 0.64 5.300 0.85
321.225644 0.0483 6.181 23.03 0.67 4.690 0.54
325.152919 1.4990 1.540 27.83 0.68 4.850 0.74
336.222601 0.0011 9.829 26.93 0.69 4.740 0.61
380.197372 11.5200 1.048 28.73 0.54 5.380 0.89
390.134508 0.0046 7.350 21.52 0.63 4.810 0.55
437.346667 0.0650 5.050 18.45 0.60 4.230 0.48
439.150812 0.9218 3.596 21.00 0.63 4.290 0.52
443.018295 0.1976 5.050 18.60 0.60 4.230 0.50
448.001075 10.3200 1.405 26.32 0.66 4.840 0.67
470.888947 0.3297 3.599 21.52 0.66 4.570 0.65
474.689127 1.2620 2.381 23.55 0.65 4.650 0.64
488.491133 0.2520 2.853 26.02 0.69 5.040 0.72
503.568532 0.0390 6.733 16.12 0.61 3.980 0.43
504.482692 0.0130 6.733 16.12 0.61 4.010 0.45
547.676440 9.7010 0.114 26.00 0.70 4.500 1.00
552.020960 14.7700 0.114 26.00 0.70 4.500 1.00
556.936002 487.4000 0.159 32.10 0.69 4.110 1.00
620.700807 5.0120 2.200 24.38 0.71 4.680 0.68
645.866155 0.0713 8.580 18.00 0.60 4.000 0.50
658.005280 0.3022 7.820 32.10 0.69 4.140 1.00
752.033227 239.6000 0.396 30.60 0.68 4.090 0.84
841.053973 0.0140 8.180 15.90 0.33 5.760 0.45
859.962313 0.1472 7.989 30.60 0.68 4.090 0.84
899.306675 0.0605 7917 29.85 0.68 4.530 0.90
902.616173 0.0426 8.432 28.65 0.70 5.100 0.95
899.306675 0.0605 7917 29.85 0.68 4.530 0.90
902.616173 0.0426 8.432 28.65 0.70 5.100 0.95
906.207325 0.1876 5.111 24.08 0.70 4.700 0.53
916.171582 8.3400 1.442 26.70 0.70 4.780 0.78
923.118427 0.0869 10.220 29.00 0.70 5.000 0.80
970.315022 8.9720 1.920 25.50 0.64 4.940 0.67
987.926764 132.1000 0.258 29.85 0.68 4.550 0.90
1780.0000 22,300.00 0.952 176.20 0.50 30.500 5.00
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Fig. 2.4 Standard atmosphere and dry-air attenuation in the plumb direction [10]

A numerical algorithm, instead of integration formula, can be applied for
measuring the gaseous attenuation via the slant path. Herein, the earth’s atmosphere
is layered by different thicknesses, bearing in mind the ray bending caused by each
atmospheric refraction layer. As shown in Fig. 2.5, a, refers to passing-through
length of the electromagnetic waves in nth layer, 3, refers to thickness of nth layer,
n,, refers to refraction rate of nth layer, r, denotes the distance from earth’s core to
the bottom of nth layer, «,, and 8, refer to angle of incidence and angle of emergence
of nth layer. Gaseous attenuation via the slant path is calculated using the following
formula:

k
Ags = Y an¥n (232)
n=1

In the formula: y, refers to the gaseous attenuation rate of nth layer calculated
using the Formula (2.21); k represents the number of layers. In view of the relationship
between vertical heterogeneity of atmosphere and altitude, the formula for thickness
of nth layer §, (km) is as shown below:

—1
5, = 0.0001 exp(nlw) km (2.33)
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PO6T6-05

Fig. 2.5 Layering of gaseous attenuation calculation [10]

This indicates that the closer to the ground, the more precise is the layering; the
thickness of the 1st layer is found to be 10 cm. For satellite-ground links, altitude up
to 30 km can be considered for the calculation, while for oxygen absorption central
frequency, altitude up to 100 km can be utilized. Calculation formula for a, is as
shown below:

1 2 2 2
an = —ry cos B, + E\/“'rn cos” By + 81,8, + 455 (2.34)

Calculation formula for «,, is as shown below:

—a? —2r,8, — 82
o, = T — arccos G T O O (2.35)
2a,r, + 2a,5,
Calculation formula for 8,4 is as shown below:
. Hy .

Bur1 = arcsm( sin oz,,) (2.36)

Npt1

B =90—-6

In the formula: 8 refers to the elevation angle of the satellite from the ground
station.
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2.2.2 Simplified Method for Calculation of Gaseous
Attenuation

1. Simplified approach of gaseous specific attenuation

Line-by-line calculation of gaseous specific attenuation seems incompatible with
practical use owing to its complexity. Therefore, Zhang Minggao, an academician
from the China Institute of Radiowave Propagation Research, presented a simplified
approach for calculating the gaseous specific attenuation, which has been adopted
by ITU-R. This simplified method is employed to calculate the gaseous specific
attenuation at a frequency not more than 350 GHz and from sea level up to 10 km
altitude. This method is consistent with the line-by-line calculation result, reporting
a calculation error not more than 0.1 dB/km, and with a maximum error of 0.7 dB/
km in the 60 GHz oxygen absorption band. When altitude exceeds 10 km, adopting
line-by-line calculation becomes imperative to ensure calculation accuracy since the
value of gaseous specific attenuation is small. The calculation process of simplified
method of gaseous attenuation is as shown below:

Specific attenuation of dry air y, (dB/km) is calculated below:

When frequency f < 54 GHz, that is

7.2;,[2.8 N 0.62&; fz 21073 (2.37)
0= " » .
T 034z T sa— ) o083, | 7

When frequency 54 GHz < f < 60 GHz, that is

Yo = €X [lnz’f“ (f — 58)(f — 60) — 1“;’58 (f — 58 — 60) + lnl’;“’ f — 58 — 58)]
(2.38)

When frequency 60 GHz < f < 62 GHz, that is

f—60

Yo = Vo0 + (Y62 — Y60) 5 (2.39)

When frequency 62 GHz < f < 66 GHz, that is
Vo = exp[ln;/& (f — 64)(f — 66) — lni’“ (f — 62)(f — 66) + lné’“ f —62)(f — 64)]
(2.40)

When frequency 66 GHz < f < 120 GHz, that is

0.283r)8 4
(f —118.75)% + 2.91;’1§r,1'6

Yo = {3.02 x 10747 +
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0.502£6[1 — 0.0163&; (f — 66)] }f2r2 10 24l

(f — 66)14346&  1.15&; v

When frequency 120 GHz < f < 350 GHz, that is

[ 3.02 x 1074 0.283,03
Yo =

+ 2r2r3.5 x 10—3 +8
1+ 1.9 x 1075715 © (f — 118.75) + 2.91r§r,1'6:|f i

(2.42)

In which,

¢(ry, r;,0.0717, —1.8132,0.0156, —1.6515)
(1, 11,0.5146, —4.6368, —0.1921, —5.7416)
¢(ry, ,,0.3414, —6.5851,0.2130, —8.5854)
¢(rp, 11,0.0112,0.0092, —0.1033, —0.0009)
¢ (rp, r;,0.2705, —2.7192, —0.3016, —4.1033)
= ¢(rp. 11, 0.2445, —=5.9191, 0.0422, —8.0719)
& = ¢(ry, r;, —0.1833, 6.5589, —0.2402, 6.131)
ysa = 2.192¢(r,, r;, 1.8286, —1.9487, 0.4051, —2.8509)
yss = 12.59¢(r,, r;, 1.0045, 3.5610, 0.1588, 1.2834)
Yoo = 15¢(rp, r;,0.9003, 4.1335, 0.0427, 1.6088)
Yoo = 14.28¢(r,, r;,0.9886, 3.4176, 0.1827, 1.3429)
You = 6.819¢(r,, 1, 1.4320, 0.6258,0.3177, —0.5914)
Yoo = 1.908¢(ry, 1, 2.0717, —4.1404, 0.4910, —4.8718)
8 = —0.00306¢(ry, 11, 3.211, —14.94,1.583, —16.37)
go(r,,, r,a,b,c, d) = r[‘jrtb exp[c(l — r,,) +d(1 — r,)]

&
&
&3
&4
&s
&6

In the formula: f refers to frequency (GHz); r, = p/1013; r, = 288/(273 + 1t); p
refers to pressure (hPa); ¢ refers to temperature (°C).
Specific attenuation of water vapor y,, (dB/km) is calculated below:

3.98n; exp[2.23(1 — ry)] 11.96m; exp[0.7(1 — ry)]
yW = 2 2 g(fv 22) + 2 2
(f —22.235)" +9.42n; (f —183.31)" + 11.14n;
0.081n; exp[6.44(1 — ;)] 3.66m; exp[1.6(1 — ry)]
(f —321.226)* + 6.2917% (f —325.153)> + 9.22;7%
25.37n; exp[1.09(1 — ry)] N 17.4n, exp[1.46(1 — r)]
(f — 380)* (f —448)?
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844.61; exp[0.17(1 — r,)]
(f —557)*
290n; exp[0.41(1 — ry)]
(f —752)*
8.3328 x 10%1, exp[0.99(1 — r;
(f — 1780)°

g(f.557)+

g(f,752) +

! g(f, 1780)}f2r,2-5p x 107 (2.43)

In the formula:

m = 0.955r,r>% +0.006p
m = 0.735r,7° +0.0353r} p

B =\
so.n=1+(155)

2. Simplified calculation of gaseous attenuation of earth-space slant path

Atmospheric absorption attenuation can be calculated conveniently by using vapor
equivalent altitude and oxygen equivalent altitude. This simplified calculation
appears quite suitable for the case when the elevation angle is between 5° and 90°,
and the altitude is not more than 10 km.

The simplified calculation formula for gaseous attenuation taking place in an
earth-space slant path based on meteorological data of earth’s surface is as shown
below:

. AO +Aw - hOVO + hw)/w

A . = . (2.44)
sin 6 sin @

In the formula: 6 is elevation angle (°); y, refers to specific attenuation due to
oxygen (dB/km); y,, refers to specific attenuation due to water vapor (dB/km); h,
refers to oxygen equivalent altitude (km); 4,, refers to vapor equivalent altitude (km);
Ap = hoy refers to oxygen attenuation in the zenith direction (dB); A,, = h,,y,, refers
to water vapor attenuation in the zenith direction (dB).

Calculation formula for 4, is as shown below:

6.1
= m(l + tl + t2 + t3) (245)
N p

0

In which,

4.64 f—359.7
= ————=exp| —
14 0.066r; > 2.87 + 12.4exp(—7.9r,)

0.14 exp(2.12rp)
(f — 118.75)* + 0.031 exp(2.2r;,)

15}
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00114 —0.0247 + 0.0001f + 1.61 x 1075¢2
T 140.147, 2% 10,0169 +4.1 x 10752 +3.2 x 10-7f3

13

Formula (2.45) should satisfy with the constraint condition: when f < 70 GHz,
h, < 10.7r,‘,)'3.
Calculation formula for 4,, is as shown below:

1.390,, 3.370,,
he = 1.66( 1+ . + .
(f —22.235)° +2.560,, (f —183.31)° +4.690,,
1.580,,
>z ) (2.46)
(f —325.1)° 4+ 2.89q,,
1.013

7= T+ exp[—8.6(r, — 0.57)]

Calculation formula for the accumulation distribution of gaseous attenuation of
the earth-space slant path based on the accumulation distribution of total columnar
water vapor found in the zenith direction is as shown below:

Ag + Ay (p)
Agas(p) = (247)
sin 6
In the formula: Ag,(p) refers to gaseous attenuation with p% time probability
exceeded; A, (p) refers to vapor attenuation in the plumb direction with p% time
probability exceeded; the calculation formula is as shown below:

_ 0.0173V: () Vi (f » Prefs Prefs trer)
Yw (f;efa Prefy Prefs tref)

Ay (p) (2.48)

In the formula: f refers to frequency (GHz); fr.f = 20.6 (GHz); Pt = 780 (hPa);
V,(p) refers to integration vapor content with p% time probability exceeded; y,, (f,
Pret, Prefs tre) can be calculated using Formula (2.43); calculation formula for pief
(g/m?) and t.¢ (°C) is shown as follows:

Vi(p)
4

0.22V,
tref = 141n<Tl(p)> +3

Pref =
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2.3 Tropospheric Scintillation and Multipath Fading

Refractive index of troposphere decreases regularly with the altitude and causes
refraction of radio waves inducing ray bending, however, small-scale inconsistencies
of the refractive index trigger rapid fluctuation of amplitude and phase in electro-
magnetic waves, namely, the tropospheric scintillation effect. The measured result of
one tropospheric scintillation event is provided in Fig. 2.6. Tropospheric scintillation
effect is closely linked to the frequency and elevation angle of the system. Scintil-
lation affects the satellite system marginally when the elevation angle is larger than
5° and frequency is smaller than 10 GHz; while it can generate severe deterioration
of system performance when the elevation angle is smaller than 5° and frequency is
higher than 10 GHz.

According to existing research, the amplitude of tropospheric scintillation is
dependent on the change in amplitude and structure of atmospheric refractive index
and is directly proportional to the frequency of the system, length of radio waves
passing through the troposphere, and width of antenna beams. Based on substantial
test data, scintillation can be known to exhibit significant seasonal characteristics
since the meteorological environment varies considerably in different seasons. An
intense scintillation event is always observed in the summer season. Scintillation
may also undergo significant daily change, which is still smaller than the seasonal
change. Moreover, the monthly average RMS value of scintillation fluctuation is
highly related to the wet item of the refractive index. The index is determined by the
vapor content in the atmosphere.

Scintillation fading of satellite-ground links with low elevation angle tends to be
acute, and its fading features and fading depth distribution are analogous to multipath
fading of ground links. At the same time, the fading distribution of satellite-ground

Signal level (dB)

1 1 1
168 16.9 170 171 172

Variance (dB°)
=] =}
[ 8] 'y
T T

00 L
168 169 17.0 171 172
Time (hours)

Fig. 2.6 Measured result of tropospheric scintillation
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Fig. 2.7 Tllustrative example of the scintillation prediction method of ITU-R [11]

links of low elevation angle also appears closely related to the statistical feature
of refractive index gradient. According to the overall distribution of fading, it is
considered that scintillation fading with a large time probability gradually transits to
multipath fading distribution with a small time probability. In fact, clear-air fading
distribution due to the atmospheric refraction effect is a combined distribution of
bean expanding effect, scintillation effect, and multipath effect. ITU-R predicts the
scintillation fading of the troposphere under three conditions, given as follows [11]:

@ Elevation angle larger than 5°.
@ Fading depth larger than 25 dB.
® Transition zones.

Figure 2.7 demonstrates the forecasting result examples.

2.3.1 Prediction of Scintillation Fading at Elevation Angles
Greater than 5°

This approach is based on monthly average temperature, long-term average temper-
ature ¢ (°C), and relative humidity H. Scintillation fading depth distribution exhibits
seasonal changes only because the average value of t and of H change with seasons.
Scintillation fading depth with p time probability exceeded A(p) is calculated using
the following formula:

As(p) =a(p) - o (2.49)
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In the formula: a(p) (0.01% < p < 50%) is time probability factor:
alp) = —0.061(log10p)3 + 0.072(log10p)2 — 1.711log,op + 3.0 (2.50)

o refers to standard deviation of signal, which can be defined as
2.51)

In which, f refers to frequency (GHz), o s refers to standard deviation of signal
amplitude, which can be defined as

Oret = 3.6 X 1072 4+ 107* X Nye (2.52)
In the formula: N, refers to wet item of refractivity.

In Formula (2.51): g(x) refers to the average factor of antennas, which can be
defined as

X

11 1
gx) = \/3.86()62 + Diviz. sin[z arctan —] — 7.08x5/6 (2.53)

x = 1.22D%(f /L) (2.54)

In the formula: Dqg denotes the effective diameter of antennas, which can be
defined as

Dy = iD m (2.55)

In the formula: n refers to antenna efficiency. If antenna efficiency is not known,
n = 0.5 can be used conventionally; D refers to the physical diameter of antennas of
the ground station (m); L refers to effective path length (m):

2hy,

L=
Vsin2 6 +2.35 x 104 + sin 6

m (2.56)

In the formula: /; refers to height of turbulent layer, which usually is /2, = 1000 m;
0 refers to elevation angle of path (°).

Note that when value of root in Formula (2.54) is a negative number, the
scintillation fading is considered to be 0.
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2.3.2 Prediction of Scintillation Fading for Fade Depth
Greater than 25 dB

Fading depth of more than 25 dB is deemed to be an inclusive propagation effect of
beam expanding, scintillation, and multipath. Apparent elevation angle is 6 (mrad),
and frequency is f (GHz). Yearly average accumulation distribution and worst-
month accumulation distribution of fading with p% time probability exceeded can
be calculated using Formulas (2.57) and (2.58), respectively.

Ay(p) = 10logy K,, — v +9log,of —59.5log|o(1 +0) — 10log,op  (2.57)

A,(p) = 10log,, K\, + 9log,f — 55log;o(1 +6) — 10log,,p (2.58)
In the formula:

v = —1.8-5.610g,o(1.1 % [cos 2¢/|"7) (2.59)

K, = p}>10%1(CoFCua (2.60)

In Formula (2.60): sign “+” is taken when absolute value of latitude | < 45°,
and sign “—” is taken when || > 45°. In Formula (2.61): p;, refers to worst-month
probability of refractivity gradient less than —100 N (unit/km) at 100 m near ground;
value of Cy is listed in Table 2.6; latitude coefficient Cp, is calculated using the
following formula:

0 Y <53°NorS
Crao =) =53+ ¢ 53°NorS <y <60°NorS (2.61)
7 60°NorS <y

The frequency and elevation angle suitable for the above-mentioned prediction
methods is 1-45 GHz and 0.5°-5°, respectively.

Table 2.6 Value of Cy under different propagation path types [11]

Path type Co

Propagation path is completely in line with the land, and antenna height of ground station | 76
is below 700 m above sea level

The antenna height of ground station is 700 m above sea level 70

Propagation path is above or partially above water surface (including near-water coastal | 76 +
area), “1” refers to the percentage of the path over water or near-water coastal areas in the | 6r
overall propagation path, but intersection of rivers and small lakes is not included in the
water surface
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2.3.3 Prediction of Scintillation Fading in Transition Regions

Interpolating by applying the cubic exponential model to obtain a prediction formula
for scintillation fading of transition region A(p), with scintillation fading depth less
than 25 dB and free-space elevation angle less than 5°:

A(p) = Arexpla(p)(@ — 61) + B(P)(O — 01)> + y(p) (0 — 61)°(0 — 62)]  (2.62)

where
Al
a(p) = A (2.63)
In(42) —as

Bp) = % (2.64)

A, — As(a + 288
y(p) = 2 ;(20;2 po) (2.65)
§=06,—6, (2.66)

In the formula: 6, refers to frequency f (GHz), time probability refers to P (%);
corresponding apparent elevation angle when fading depth A; = 25 (dB) is calculated
using the following formula (v and K,, refer to Formula (2.59) and Formula (2.60),
respectively):

1
0\ 35
(Kuf;"]’ > -1 worst month
oy 2107 (2.67)

u

K, 10~ % 0.9 5.95

—Alf — 1 average year
plOTO

In the formula: 6, refers to the apparent elevation angle (mrad) considering
the refraction effect produced when free-space elevation angle is 5°; A, refers to
scintillation fading when free-space elevation angle is 5°.

Based on Formula (2.49), A;’ (dB/mrad) is calculated using the following formula:

T 1+6,
_ 595
146,

> Jog,, ¢ worst month
Ay = dB/mrad (2.68)

log,, e average year

Calculation formula for A,” (dB/mrad) is as shown below:

g'(x) dx 1.2

o dB/mrad 2.69
2(x) d tan(G)]XIOOO fmra (2.69)

A/2=A2X|:
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g'(x)  1770(* + 1) +2123xs (x? + 1) 2 [cos ¢ — xsin ]

- 1 5 11 (2.70)
g(x) 12x8 (x2 + 1)[354xa —193(x2 + 1) sin ;]
dx 1.22Dgf sin @
— = + 1 |cosf 2.71)
do 2he | /sin?0 +2.35 x 104
1n._ 1
¢ =—tan"' - (2.72)
6 X

This prediction method is applicable to the apparent elevation angle of the tran-

sition region (for example 6; < 6 < ;) and satisfies the condition of 0 < p% <
50%.
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Chapter 3 ®)
Hydrometeor Effects e

Hydrometeors (cloud, rain, and fog) being the most predominant atmospheric
phenomena, can produce additional attenuation and depolarization effect on radio
wave, considerably effecting the performance of a satellite communication system
operating at 10 GHz and above. Rain attenuation that fails to greatly affect the
communication of C-band satellite may interrupt the communication of Ku-band
satellite. Cloud attenuation that rarely affects the Ku-band may influence the Ka-
band seriously. Rain may produce even more acute attenuation for Ka-band than for
Ku-band; similarly, rainstorms can induce signal attenuation up to tens of dB, causing
signal interruption. Scattering of rain drops and ice layer may cause similar frequency
interference between the ground and the earth-space links, triggering a decrease in
cross-polarization discrimination (XPD) or resolution of the cross-polarization reso-
lution for multiplexing frequency system and additional delay of signal. Radio wave
propagation of hydrometeors forms a complex random process, and its propagation
characteristics are dependent on frequency, meteorological conditions, geographic
position, and climatic regions. Reliable predicting of hydrometeor effects is the essen-
tial foundation for the link design of a satellite system as well as its functioning
competency under various bad propagation conditions.

3.1 Physical Characteristics of Hydrometeors

3.1.1 Physical Characteristics of Clouds and Fog

Clouds and fog are a colloidal system essentially composed of suspended water
droplets or ice particles, namely aerosols, slowly undergoing sedimentation in near-
ground air. In terms of the size, the diameter of clouds and fog particles varies from
tens to dozens of microns. The fog appears in the bottom layer and is considered to
be the cloud touching the ground. According to the location and mechanism of fog
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formation, fog can be divided into two kinds, such as advection fog and radiation
fog. In general, advection fog is the kind formed when warm air moves to the cold
underlying surface. Sea fog is one of such fog types. Radiation fog is primarily
caused by the cooling of surface radiation, and one of its types is inland fog. Water
content in fog varies with the intensities of fog and is directly relative to temperature.
For moderate-intensity fog, water content is usually about 0.1-0.2 g/m? at —20 to
—15°C, 0.2-0.5 g/m3 at —15to 0 °C, and up to 0.5-1 g/m3 at 0-10 °C [1]. Clouds
and fog share identical characteristics. According to the international classification
method, clouds are divided into high clouds, medium clouds, low clouds, and vertical
development clouds in accordance with the height, and these 4 families of clouds
mainly consist of 10 types, as shown in Table 3.1. Water content in clouds is usually
higher than that in fog, and the highest water content is found in cumulus clouds with
an average of 2 g/m>, or up to 25-30 g/m>. The higher the water content, the greater
the attenuation of radio signals, and the attenuation of clouds and fog increases with
the rise in frequency.

As the drop size distribution of clouds and fog particles varies over a wide
range, people often tend to adopt different distributions to best manifest the spec-
tral characteristics of the drops in accordance with the diverse measured drop size
distribution, in which, the simplified gamma size distribution of cloud-and-fog drop
(Khragi-an-Mazin distribution calculation method) is widely used [2]:

n(r) = afr2 exp(—bfr) (3.1)

In the formula: r refers to radius of cloud-and-fog drop; n(r) refers to the number
of drops in an interval of unit volume and unit radius.

Unit of » corresponds to unit of n(r), for example, unit of n(r) is m™* when unit
of r is m; unit of n(r) is m™ pm™! when unit of r is wm; the relationship between
ar, by, visibility V (km), and water content W (g/m3) is shown as follows [2]:

4

Table 3.1 International classification of clouds [1]

Cloud family | Height/km Cloud genera
Polar Temperate | Tropical
region | zone zone
High clouds 34 5-13 6-18 Cirrus clouds (Ci), Cumulus clouds (Cc),
Cirrostratus (Cs)
Medium 2-4 2-7 2-18 Altocumulus clouds (Ac), Altostratus
clouds clouds (As)
Low clouds Ground-2 Stratocumulus clouds (Sc), Nimbostratus
clouds (Ns), Stratus clouds (St)
Vertical Ground-2 Cumulus clouds (Cu), Cumulonimbus
development clouds (Cb)
clouds
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o = oS X 10 (3.2)
1.304
by = T 10* (3.3)

3.1.2 Physical Characteristics of Rainfall

1. Physical characteristics of rainfall:

Itis crucial to first analyze the scattering characteristics of rainfall toward radio waves
before delving into the influence produced by rainfall on the radio wave propagation
of a satellite system; the scattering characteristics depend on physical characteristics,
such as size, shape, orientation, and falling speed of a raindrop. The shape of a
raindrop is relative to its size. The diameter of a raindrop is generally between 0.1
and 8 mm, and if it exceeds that measure, the raindrop becomes unstable and can
easily rupture. According to photographic studies, raindrops with a radius of less than
1 mm are found to be spherical. For a larger-sized raindrop, its shape is ellipsoidal
at the top and has a groove at the bottom, as shown in Fig. 3.1, with its rotation axis
being approximately vertical. For ease of calculation and comparison, normally the
concept of the equi-volume sphere is utilized. Existing researches suggest that for the
calculation of raindrop scattering characteristics, the ratio of the short axis to long
axis instead of the precise shape of a raindrop emerges as the most indispensable
parameter of raindrop characterization; hence, the raindrop is usually deemed as
an oblate ellipsoid possessing different ratios of long to short axis. For an oblate
ellipsoid-shape raindrop, its size is characterized by the ratio a,/b, of short axis a,
to long axis b, and effective earth’s radius ay, in which the relationship between a,/
b, and ay is most broadly applied, and is as follows [2]:

ar/b, =1—0.091a 34

When a raindrop falls, its axis of symmetry deviates from the customary vertical
direction attributable to various aerodynamic effects, thereby establishing an incli-
nation angle of the raindrop, which is a three-dimensional space. The orientation of
a raindrop in space is shown in Fig. 3.2.

Assuming that the propagation path is horizontal, HV plane in the figure is the
plane perpendicular to the propagation direction, yZ plane is the one containing the
axis of symmetry of the raindrop in the propagation direction, while the dotted line
is the axis of symmetry. y (gamma) is the angle of raindrop’s axis of symmetry
to its projection in HV plane. ¢ is the angle between the projection of raindrop’s
axis of symmetry in HV plane and V vertical axis, namely, the inclination angle of
the raindrop. o is regarded as the most instrumental parameter when considering the
propagation characteristics of a raindrop. In general, assume o approximately abides
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Fig. 3.1 Size and shape of a raindrop (numbers in the figure represent radius of equi-volume sphere)
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Fig. 3.2 Distribution of spatial inclination angle of raindrop
by Gaussian distribution:
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o)

In the formula: u, is the average inclination angle of the raindrop; o is the
standard deviation of the inclination angle. According to the long-term measurement
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of inclination angle, the average value of inclination angle u, = 9°, and standard
deviation o = 36°.

End speed of raindrop remains an essential parameter for calculating the rate
of rainfall through raindrop size distribution. Gunn, Kinder, and Best measured the
end speed at an atmospheric pressure of 1013 hPa, relative humidity of 50%, and
temperature of 20 °C. The measurement results illustrate that the falling speed of
a raindrop increases with the increment in raindrop size. When raindrop diameter
exceeds 2 mm, the increasing rate of its end speed gradually reduces. When raindrop
diameter is 5 mm, its end speed is up to 9 m/s (max value), as shown in Table 3.2.

The end speed of the raindrop can be expressed by an empirical formula. Here,
the empirical formula has been derived for a variation of end speeds. The following
empirical formula has been fitted by Zhao Zhenwei in accordance with data in
Table 3.2 [4]:

24.065
V(D) = 9.336 — (3.6)
1+ 1.5301 exp(0.8165D)

In the formula: V(D) is the end speed of the raindrop (m/s); D is the equivalent
diameter of the raindrop (mm).

Table 3.2 End speed of a raindrop [3]

Raindrop diameter | End speed of raindrop | Raindrop diameter | End speed of raindrop
D =288 V/im/s D/mm V/m/s
0.1 0.256 2.8 7.82
0.2 0.72 3.0 8.06
0.3 1.17 32 8.26/
0.4 1.62 3.4 8.44
0.5 2.06 3.6 8.60
0./ 2.47 3.6 8.72
0.7 2.67 4.0 8.83
0.6 3.27 4.2 8.92
0.9 3.67 44 8.98
1.0 4.03 4.6 9.03
1.2 4.64 4.6 9.07
1.4 5.17 5.0 9.09
1.6 5.65 52 9.12
1.6 6.09 5.6 9.14
2.0 6.49 5.8 9.1/
22 6.90 6.0 9.17
2.4 7.27 6.5 9.17
2.6 7.57 7.0 9.17
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2. Classical drop size distribution:

The size distribution of a raindrop refers to its spatial distribution conditions with
respect to different rainfall rates and sizes, which is also known as raindrop spectrum.
Laws-Parsons raindrop size distribution (L-P distribution) measured by Laws and
Parsons is a broadly adopted raindrop size distribution model [4]. Rain attenuation
forecasting model of ITU-R is obtained by analyzing L-P distribution. L-P distribu-
tion is a discrete raindrop size distribution model, which registers the percentage of
water content in an interval of 0.25 mm diameter each, to total water content under
different rates of rainfall, as shown in Table 3.3.

L-P distribution provides raindrop diameter D (mm). The calculation formula for
the number of raindrops within a unit space volume in diameter interval dD (mm) is
given as follows [4]:

10 R - m(D) - dD

ND)D = - —h5 V(D)

(m?) (3.7)

In the formula: m(D) denotes the raindrop volume distribution (m~3), which can
be checked in Table 3.3; V(D) is the end speed of raindrop with diameter D (m/s); R
is the rate of rain (mm/h).

In addition to L-P distribution, a myriad of researches have been conducted on
size distribution and modeling using the observation data from different regions
in the world, to generate a series of size distribution models, including negative
exponential distribution, Gamma distribution, and logarithmic normal distribution,
among which, negative exponential distribution is the most extensively used model,
also called Marshall-Palmer distribution (M-P distribution) [5]:

N(D) = Noexp(—f(R) - D) (3.8)

In the formula: Ng is a constant and is also referred to as a function of rate of
rainfall by certain researchers; f (R) is a function of rate of rainfall.

The Joss model divides rainfall into drizzle, widespread showers, and thunder-
storms and provides coefficients of negative exponential distribution under the three
said conditions, as shown in Table 3.4 [6].

In 1980s and 1990s, Qiu Shengbo from China Research Institute of Radio Prop-
agation measured raindrop spectrum of typical zones, such as temperate continental
climate zone (Xinxiang), temperate marine climate zone (Qingdao), and subtropical
marine climate zone (Guangzhou) [7]. Zhao zhenwei et al. evaluated the relationship
between average raindrop size distribution and rate of rainfall in these three zones
based on the measurement results. Overall, the average raindrop size distribution in
China’s different regions appeared identical to M-P and L-P distribution, as shown in
Fig. 3.3, while the key difference lies in the content of small raindrops with a diam-
eter less than 0.5 mm. According to the global measurement results, this difference
seems quite prevalent and primarily caused by the diversity of different measurement
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Table 3.3 Laws-Parsons raindrop size distribution [4]
Raindrop diameter/mm Rate of rain/mm/h
Percentage of total volume/%
0.25 1.25 2.5 125 |25 50 100 150
0.00-0.25 1.0 0.5 0.3 0.1 0 0 0 0
0.25-0.50 6.6 25 1.7 0.7 |04 0.2 0.1 0.1
0.50-0.75 20.4 7.9 53 1.8 1.3 1.0 0.9 0.9
0.75-1.00 27.0 16.0 10.7 39 |25 2.0 1.7 1.6
1.00-1.25 23.1 21.1 17.1 76 |51 34 2.9 2.5
1.25-1.50 12.7 18.9 18.3 11.0 |75 5.4 39 34
1.50-1.75 55 124 14.5 135 109 |7.1 49 42
1.75-2.00 2.0 8.1 11.6 14.1 11.8 9.2 6.2 5.1
2.00-2.25 1.0 5.4 74 11.3 12.1 107 |77 6.6
2.25-2.50 0.5 32 4.7 9.6 11.2 106 |84 6.9
2.50-2.75 0.2 1.7 32 7.7 8.7 10.3 8.7 7.0
2.75-3.00 0.0 0.9 2.0 59 |69 8.4 9.4 8.2
3.00-3.25 0.0 0.6 1.3 42 |59 7.2 9.0 9.5
3.25-3.50 0.0 04 0.7 26 |50 6.2 8.3 8.8
3.50-3.75 0.0 0.2 04 1.7 32 4.7 6.7 7.3
3.75-4.00 0.0 0.2 0.4 1.3 2.1 3.8 49 6.7
4.00-4.25 0.0 0.0 0.2 1.0 14 29 4.1 52
4.25-4.50 0.0 0.0 0.2 0.8 12 1.9 34 44
4.50-4.75 0.0 0.0 0.0 04 |09 1.4 2.4 33
4.75-5.00 0.0 0.0 0.0 04 |07 1.0 1.7 2.0
5.00 ~5.25 0.0 0.0 0.0 02 |04 0.8 1.3 1.6
5.25-5.50 0.0 0.0 0.0 02 |03 0.6 1.0 1.3
5.50-5.75 0.0 0.0 0.0 00 |02 0.5 0.7 0.9
5.75-6.00 0.0 0.0 0.0 00 |02 0.3 0.5 0.7
6.00-6.25 0.0 0.0 0.0 00 |01 0.2 0.5 0.5
6.25-6.50 0.0 0.0 0.0 00 |00 0.2 0.5 0.5
6.50-6.75 0.0 0.0 0.0 00 |00 0.0 0.2 0.5
6.75-7.00 0.0 0.0 0.0 00 |00 0.0 0.0 0.3
e Cotioens ol o TS R T
distribution [6] Marshall and Palmer | MP 8000 | 4.1R702!
Joss-drizzle D 30,000 |5.7R702!
Joss-widespread W 7000 4.1R702!
Joss-thunderstorm JT 1400 3.0R~0-2!




48 3 Hydrometeor Effects

100000 1000000
- Oi 100000 § —— Qingdao
10000 & Qingdao | \ —— Guangzhou
~\ —— Guangzhou 100009 uang:
1 Xinxiang YN Xinxiang
. 10007 —L-P 5 10004 S
£ -eme MAP
8 1004 JE 1004
£ ;E 10
= 104 =
z z 1]
' 014
R=2.54mm/h
0.1 T T T 0.01 T T T T T T T
0 1 2 3 4 o0 1 2 3 4 5 6 7 8
D(mm) D(mm)
@ (b)

Fig. 3.3 Comparison between China’s raindrop size distribution and L-P and M-P raindrop size
distribution. a R = 2.54 mm/h; bR = 101.6 mm/h

and data processing methods. Currently, the content of small raindrops remains an
ambiguous matter [8].

3. Spatial distribution of rainfall:

Rainfall along the tracks of links exhibits heavy variation when the satellite links
pass through rain area. Figure 3.4 provides typical observation results of a rainfall
event captured by a meteorological radar. According to the observation, there always
exist one or more small areas displaying a high rate of rainfall interlined with vast
zones showing a low rate of rainfall, known as the “rain cell.” The size of the rain
cell is relative to the rainfall rate of a given threshold value. Most of the time,
the size of a rain cell is smaller than 10 km, and its size and intensity vary with
respect to space and time due to the influence of wind. Rainfall rate also varies with
altitudes together with horizontal direction. Altitude-varying rainfall rate is decided
by zero-layer height, which regulates the melting process. Zero-layer height differs
with seasons and zones. In general, the higher the average temperature of the earth’s
surface, the higher the zero layer. The zero-layer height decides the distance of
satellite links passing through the rain area, which is instrumental in exploring the
influence of satellite signal on spatial distribution.

According to the measured spatial distribution of rain rate, several rain cell models
have been proposed at present. For example, cylindrical model, Gaussian model,
EXCELL model [9], HYCELL model [9], and MultiEXCELL model, as shown in
Fig. 3.5 These rain cell models are employed for statistical modeling and simulation
of rain attenuation [10, 11].

4. Cumulative distribution of rainfall:

Long-term cumulative distribution of rainfall rate acts as a major requisite data
required for statistical modeling of rain attenuation.

The cumulative distribution of rainfall rate is derived by making a statistical
probability p (R > R;) of rainfall rate larger than and equal to setting value R;.
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Table 3.5 provides the statistical result of long-term cumulative distribution of rain
rate in China’s main cities with a statistical cycle of 10 years and an integral time of
rainfall observation as 10 min.

5. Conversion of rainfall rates with different integral times:

According to ITU-R’s recommendation, the statistical data of rainfall rate essential
for forecasting of rain attenuation is primarily based on rainfall statistics with 1 min
of time precision (usually being referred to as integral time) [12]. Therefore, the
statistical distribution of rainfall rate with 1 min of integral time forms the source
data used for the forecasting of the cumulative distribution of rain attenuation. The
existing statistical distribution of rainfall rate is based on the data with 5 and 10 min
or longer integral time, as observed in meteorological stations. The statistical distri-
bution of rainfall rate for China’s main cities listed in Table 3.5 is acquired based
on rainfall data with 10 min of integral time. When predicting rain attenuation, it
is vital to convert the statistical distribution of rainfall rate with different integral
time periods into the distribution with 1 min of integral time. Employing the rainfall
measurement data provided by quick-response minute-rainfall gauge, researchers
conducted numerous studies on the statistical distribution of rainfall rate with 1,
5, 10 min, and longer integral time in different regions; and built the conversion
model between the statistical distribution with different integral time and the statis-
tical distribution with 1 min of integral time. Qiu Shengbo and others carried out an
investigation on the conversion of rainfall rate with different integral time periods
in 6 typical regions, including Nanjing, Qingdao, and Haikou [13]. Zhao Zhenwei
and Lin et al. devised unified conversion model parameters, suitably applicable for
different regions in Qiu’s research. By combining the test data from Brazil and Korea,
ITU derived a conversion model of rainfall rate with different integral time periods
across the globe [14, 15]:

FRi(p) = a[R(p)]’ (39

In the formula: R, (p) and R, (p) represent rainfall rates (mm/h) with p% time prob-
ability exceeded, when the integral time is 1 min and 7T'min, respectively; coefficient
a and b are provided in Table 3.6.

6. Dielectric property of water:

The impact of hydrometeors on radio wave propagation is predominantly caused by
the absorption and scattering of liquid water present in hydrometeors toward radio
waves, which is a feature analogous to the complex dielectric characteristic of water.
The complex dielectric characteristic of liquid water is always expressed by relative
complex dielectric permittivity (¢ = &’ — ie”) or refractive index (m = m’ — im”),
and the relationship between the two is as shown below [16]:

m= /¢ (3.10)
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Table 3.6 Conversion model

coefficient of rainfall rates a b

with different integral time 5 min 0.986 1.038

periods [15] 10 min 0919 1.088
20 min 0.630 1.189
30 min 0.564 1.288

Complex dielectric permittivity of water shows the dielectric complexity of this
liquid as a function of temperature and frequency. For calculating the scattering
characteristics of a raindrop, the Ray empirical formula is the most widely applied,
as shown below [16]:

&y — £o0)[1 + (5) !~ sin(%
o gy (B (B sin() o
14 2(5) 17 sin(%57) + (52)2(1-

, (£ — £00) ()7 cos(%) ok
€ = As\1—@¢ i [ OXTT Ag —a
1+2(5)esin(9) + (5)20-«  18.8496 x 1010

(3.12)

where

o = 12.5664 x 108
g, = 78.54[1 — 4.579 x 1073t — 25)
+1.19 x 1073t — 25)* — 2.8 x 1073(r — 25)*]
£oo = 5.27134 +2.16474 x 10721 — 1.31198 x 1077
16.8129

=— 6.09265 x 1072
¢ t+273 + x
2513.98
Ly = 3.3836 x 10~*exp
t+ 273

In the formula: A refers to wavelength (cm); t refers to temperature (°C). Ray
empirical formula is applicable to a temperature range of —20 to 50 °C. When the
wavelength is shorter than 0.1 cm, taking into account the influence of the absorption
belt becomes essential.

Another calculation of popular dielectric constant is by Double-Debye formula
[17, 18]:

/ & — €1 &1 — &
= 3.13
M N R TR ©-13)
o feo—¢1) fler—e) (3.14)

R AT IR

In which,
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Fig. 3.6 Scattering sketch of hydrometeors

g0 = 77.66 + 103.3(6 — 1)
g = 5.48
g =351
£, =20.09 — 142.4(0 — 1) +294(6 — 1)>
£, =590 — 15000 — 1)
6 = 300/T

The frequency for Double-Debye formula ranges between 0 and 1,000 GHz.

Both the calculation methods for complex dielectric constant appear very consis-
tent within 200 GHz. When the frequency is higher than 200 GHz, the calculation
results differ to a certain extent. When calculating propagation features of rainfall,
the Ray empirical formula is considered a standard approach, and when calculating
propagation features of clouds and fog, the Double-Debye formula shows more
prevalence.

7. Scattering characteristics of hydrometeors:

When incident waves are projected onto the scatterer, part of the incident energy is
absorbed by the scatterer and converted into heat, and the other part gets scattered
by it, as shown in Fig. 3.6.

The ratio of energy P, absorbed by the scatterer to incident power density Sy
(W/m?) and of energy P scattered to incident power density S; (W/m?) are known
as absorption section Q, and scattering section Q;, respectively; and the ratio of
absorption section Q, to physical section of the scatterer and of scattering section Q;
to physical section of the scatterer are called as normalized absorption cross section
o, and normalized scattering cross-sectional o, respectively. The sum of scattering
cross section and absorption cross section is called as extinction cross-sectional Q..
The sum of normalized absorption cross section and normalized scattering cross
section is called as normalized extinction cross section o, and can be obtained using
the following formulas [19]

Qe =04+ 0O (3.15)

0, = 0, + Oy (3.16)
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When radio waves pass through the rain belts, attenuation differences in dissim-
ilarly polarized waves and variation in polarization status are triggered due to the
scattering and absorption of non-spherical raindrops. A geometric illustration of
raindrop scattering is as shown in Fig. 3.7. Assume that E’ refers to electric field of
incident waves, and the waves are shot to raindrops at an angle «, its polarization
status is expressed by unit vector e, K; refers to unit vector of incident direction,
E* refers to the electric field of scattering waves, and K, refers to unit vector of
scattering direction. Assume that the incident waves possess unit values, then the
scattering field of a far-field region can be expressed as [20]:

e
o F(X.E)

Ef= ek (3.17)

r

In the formula: & refers to constant of free-space propagation, r refers to distance
from original point to observation point; f(K;, K) refers to the scattering amplitude
vector.

For scattering of electrically large non-spherical raindrops, calculating a strict
analytical solution is quite impracticable, and there exists no effective approxima-
tion; therefore, only the numerical method can be applied to derive an approximate
solution. In recent decades, the scattering of non-spherical raindrops has garnered
immense attention, with the scientific community exploring the subject with a multi-
tude of studies, so as to develop a variety of numerical calculation methods, such
as perturbation method and point match method. Once the scattering amplitude is
obtained, the extinction section can be measured in accordance with the forward
scattering theorem [21]:

0. = —(@r/k)Im[& - f (K, K] (3.18)

Observation

X

Fig. 3.7 Geometric representation of raindrop scattering
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Without considering the polarization characteristics of radio waves, spherical
raindrops can be used to replace common raindrops. Presently, the only viable
and accurate solution of raindrop scattering can be derived through Mie scattering
theorem, and the normalized scattering cross section and extinction cross section can
be calculated by Mie coefficients [20].

2 oo
oy(m, x) = =5 Y @n+ D(la,* + b)) (3.19)

n=1

o.(m, x) = % Z (2n+ 1)Re(a, + b,) (3.20)

n=1

In the formula: x = (277)/Ao; m = (m, — jm;) = /&, — j&; refers to refractive
index; Ao refers to wavelength; r refers to media radius; a, and b, refer to Mie
coefficients.

When the size of hydrometeors is relatively smaller than the wavelength of inci-
dent waves, that is, x < 1, we can use Rayleigh scattering to approximately calcu-
late the scattering characteristics of raindrops and fog drops, which is considerably
easier than Mie theory and other numerical algorithms. Rayleigh scattering method
is widely used for calculating the clouds-fog propagation characteristics and rainfall
propagation characteristics at a low-frequency band. Its normalized scattering cross
section and normalized absorption cross section are [21]:

8
oy = 5x“|1<|2 (3.21)
04 = 4xIm(—K) (3.22)

Calculation formula of K is as shown below:

_mz—l_e—l
Tom241l e+2

The scattering and absorption cross section can be measured as follows [21]:

222 1287370

6 2 2
s = — K = K 3.23
0= S x*IKP = =K (3.23)
0 2o (—K) 872 5p | 3 [ (3.24)
o = —xIm(—K) = —r'e,| —— .
_ 3 lex2

With Rayleigh approximation (x < 1), the absorption cross section is much
larger than the scattering cross section; therefore, the extinction cross section can be
approximately expressed by using the absorption cross section.
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The geometric relationship for scattering exhibited by the ellipsoid raindrops is as
shown in Fig. 3.7. The scattering amplitude only consists of the component e when
the incident electric field is in vertical polarization mode, that is, the polarization
vector of the electric field e is in the plane xOz. Conversely, the scattering amplitude
only entails the component y when the field is in horizontal polarization mode, that
is, the polarization vector of the field e appears to be parallel to the y-axis. Let f, and
f» represent the scattering amplitude in vertical and horizontal polarization mode,
respectively; the amplitude can be calculated using the following equation for the
oblate ellipsoid with short a-axis and long b-axis [21]:

7 2ab2 e—1 244 e—1 9 (3.25)
 =k*— | —————cos ————sin .
3 1+6—0A T Tre—na, ¢
ab? e—1
e . . 3.26
I 3 14 (e — DA, (3.26)

In this equation, A; and A,, being the geometric parameters of the ellipsoid, can
be calculated by the following equation [21]:

_ 1 ¢ -1 b\2 _
A“z[@f—l](«a)ﬂtan (V=) 1)

Ay =1-24A

The geometric parameters, A; and A,, can be expressed as the following for the
ellipsoid with long a-axis and short b-axis [21]:

A= z[<z§21]<

The attenuation rate can be calculated by adopting the following equation collec-
tively with the size distribution n(r) of hydrometeors (rain droplets and cloud
droplets) after deriving the extinction section [21]:

SR

0 m ‘;+¢(‘;)2—1>)
2@\ )

Ay =1-2A,

o0
A = 4343 x 10° f o.n(r)dr dB/km (3.27)
0
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3.2 Cloud Attenuation

The extinction cross section of the cloud droplets in an air column can be calculated
suitably by Rayleigh scattering approximation, since the size of the cloud droplet (1-
60 pm) is smaller than the operating wavelength opted by the satellite communication
system. In the Rayleigh approximation, the absorption cross section of the cloud
droplets tends to be much larger than the scattering cross section, while the extinction
section emerges approximately equal to the absorption section, so the extinction value
can obtained by taking the sum of the absorption sections of all the cloud particles
in a unit volume. The cloud attenuation rate / (dB/km) can be given as [19]:

N
[=4.343 x10° > Qq(r) dB/km (3.28)

i=1

where N is the number of particles per unit volume, and Q, (r;) is the absorption
cross section of the particles with radius r;
The following equation can be obtained when combined with Eq. 3.24:

2 N

dor (3.29)

i=1

2

8
I1=4383 % 10° x 2,
31

3
e+2

The water content W (g/m?) is equivalent to the product of the total volume of
cloud droplets per unit volume and density of water (10° g/m?), that is

N
4
w=10)" an? (3.30)
i=1

Thus, the equation of cloud attenuation rate using the Rayleigh approximation
can be given as follows [22]:

I1=KW (3.31)
0.819f
K=——"——"F 3.32
7 Tt (3.32)
2+ ¢
== (3.33)

where f is the frequency (GHz); K is the attenuation coefficient (dB/km)/(g/m?); &
and &” are the real and imaginary parts of the complex dielectric constant of water,
which can be calculated by Double-Debye Equation.

Temperature tends to be instrumental in affecting the process of cloud attenuation,
since the complex dielectric constant of water behaves as a function of temperature.
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Fig. 3.8 Change in cloud attenuation coefficients at different temperatures with the frequency

The cloud attenuation coefficients within the frequency range of 5-200 GHz at —8,
0, 10, and 20 °C are shown in Fig. 3.8.

Zhao Zhenwei from the China Research Institute of Radio Propagation devel-
oped the empirical equation of K; under the condition that Rayleigh be applied
approximately, as the complex dielectric constant of water is the complex function
of frequency and temperature makes the above-mentioned calculations for cloud
attenuation unsuitable for engineering applications [23, 24].

When f < 150 GHz,

300 (7.8087—0.01565f —3.0730x 1074f2)
K, = 6.0826 x 104f1.8963(T> (3.34)
When 150 < f < 1000 GHz,
300 (—0.7281-0.0018f —1.5420x 107°f2)
K = 0.07536f0‘9350<T) (3.35)

where f is the frequency (GHz); T is the temperature (K).

It has been verified that this empirical equation has a calculation error of less than
9% within the frequency range of 10-1000 GHz for temperatures between —8 and
20 °C.

While designing a satellite communication system, it is quite vital to consider the
cloud attenuation rate exceeding at different time probability (p%) on the travel path,
and likewise, it is necessary to obtain the different local integral water content L(p) of
cloud droplets exceeding at p% of the time (total mass of liquid water in the cylinder



60 3 Hydrometeor Effects

r 180° 160 140" 120" 106* B0 60" 44 20" W o E 20" 40" B Lt 10 120% 140* 160 1 qu"no
’ 5 i
0.5
| i T LT O
. L N v - e ﬁ.‘!—“-‘ e : i
Bl h—'E ol T ._..?r_:f'_.._np:, il - == oo
sl =1 S e et 213
s0e o . s0°
MU EESNE) 5 = T =N Pt L
i = 15 g =] P e PP 5
i e g v --’/,‘ Lé F LS [} St L-Re \‘:Im s
d il o Y Vi .9 ) = b | g
N & A & B a2 T RN Lol o
2 i e SAR E 2 ) a I -
e s — —— 2 e i > 1p¢
10 o=t — : E : L 10
um..:e [ 2 P e Z = . b= > S & Pyt o] o 98 ®
. ] =Y = - 1 T — L
- e % < = T rﬁg;g\ Fa S e
I S A 3 % 25 i el ARGy P i
MUSSESQEEERSSS 2 SV T S AT N T
— = ) = = Lt y
IR NN Ve 2 AT ST TR
=40 I ( ‘«,__* 1 = ——= = \"ﬁ 47 —40°
~50* ——"a - — r = 1 = -50F
E3N I A E
~60° 1 = o
o o S I #P P e B e L e et .5 —— i
L I
~&00° = i —0°
-90° | —4i
1805 160°  140°  120°  100°  BOF 60°  MF 20° W 0° E 20°  40° 60 BOF IOF 120°  140° 160°  1BOF
b tade

Fig. 3.9 Integral water content of cloud exceeded at 1% of the time (kg/mz) [22]

with 1 m? of the area of base, kg/m?). In case the data of the local integral water
content of the clouds is unavailable or inaccessible, the digital map of liquid water
content distribution in the clouds around the world, proposed in the ITU-R P.840
Proposal, can be employed. Figure 3.9 illustrates the integral water content exceeded
at 1% of the time. The local integral water content in the clouds can be acquired
through interpolation. Currently, we can use the following equation to predict the
cloud attenuation A(p) (dB) exceeding at different p% of the time [22]:

_ L)k,
Ap) = sin 0

(3.36)

where 6 is the angle of elevation of the path (°). Equation 3.36 is applicable to the
condition of 5° <6 < 90°.

The prediction method for fog attenuation tends to be analogous with the cloud
attenuation. Typically, the water content in fog W (g/m?) or visibility V (km) is used
to characterize their density. The relationship between the water content in fog and
visibility can be shown in the form of the following empirical equation [19]:

Advection fog: W = (18.35V) 143 = 0.0156V 13 (3.37)

Radiation fog: W = (42.0V)~'** = 0.00316V ~!* (3.38)

Assuming the length of an electric wave through the fog area is L; (km), the
attenuation generated by the fog can be calculated via the following equation:

A=KILW dB (3.39)
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Considering the satellite-ground link design of a satellite communication system,
the effect produced on it by the fog attenuation can be omitted due to the low height
of the fog belt and short length of the electric wave through the fog area, unless
specified otherwise.

3.3 Rain Attenuation

Rain attenuation serves as a major influencing factor governing the performance
of a satellite communication system using the Ku and above band frequency. The
statistical distribution of rain attenuation functions as the decisive groundwork for
the link stability and design of the system allowance. The prediction method for rain
attenuation has been evolving and strengthening perpetually with the accumulation
of increasing test data and comprehensive research, along with multiple prediction
models devised through extensive research.

3.3.1 Rain Attenuation Rate

Inaddition to the frequency and rainfall rate, the rain attenuation rate is also associated
with the signal polarization methods, rain drop shape, and size distribution. The rate
can be calculated by combining the rain drop size distribution with a scattering
algorithm. To cater to various engineering applications, several studies have been
carried out on the relationship between the rain attenuation rate, rainfall rate, and
rain drop size distribution. According to Olsen et al., a commendable exponential
relationship exists between the rain attenuation rate and the rainfall rate, as shown
below [25]:

YR = kR* (3.40)
where y g is the rain attenuation rate in dB/km; k and « are the regression coefficients
associated with the polarization of electric wave; R is the rainrate in mm/h.

Based on the analysis of L-P raindrop size distribution and scattering char-
acteristics of the ellipsoidal rain droplets, the equation of k and o proposed in

Recommendation ITU-R P.838 is as follows:

k = [ky + ky + (kg — ky) cos? 6 cos 27]/2 (3.41)

o = [kyay + kyoy + (kpoy — kyay) cos® 0 cos 211/2k (3.42)

where T is the polarization ellipse (0° for horizontal polarization, 90° for vertical
polarization, and 45° for circular polarization); coefficient ky and ky are calculated
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using Eq. 3.43, and coefficient oy and oy using Eq. 3.44

3 ) 2
logygkn.v = Z <aj : exp|:—<%_]> +my -log(f) + ¢ (3.43)

Cc
j=1 /

4 2
agy = Z <al~ -exp|:— <10g(fcﬂ) j|> + my - log(f) + cq (3.44)

i=1 !

Relevant parameters are shown in Tables 3.7, 3.8, 3.9 and 3.10.

Here, we try to precisely understand the change of relevant parameters during the
calculation of rain attenuation rate with frequency. Figures 3.10 and 3.11 illustrate
the horizontal polarization coefficient ky and oy, and the change curve of vertical
polarization coefficient ky and oy with frequency.

Table 3.7 Parameters for kg calculation [26]

j a; bj ¢ my Ck

1 -5.33980 —0.10008 1.13098 —0.18961 0.71147
2 —-0.35351 1.26970 0.45400

3 —-0.23789 0.86036 0.15354

4 —0.94158 0.64552 0.16817

Table 3.8 Parameters for ky calculation [26]

j a; b; ¢j my Ck

1 —3.80595 0.56934 0.81061 —0.16398 0.63297
2 —3.44965 -0.22911 0.51059

3 -0.39902 0.73042 0.11899

4 0.50167 1.07319 0.27195

Table 3.9 Parameters for oy calculation [26]

Jj a; bj cj Mg Cy

1 -0.14318 1.82442 -0.55187 0.67849 -1.95537
2 0.29591 0.77564 0.19822

3 0.32177 0.63773 0.13164

4 -5.37610 -0.96230 1.47828

5 16.1721 —3.29980 3.43990




3.3 Rain Attenuation

Table 3.10 Parameters for oy calculation [26]
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Fig. 3.10 Frequency relationship between kg and oy [25]
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Fig. 3.11 Frequency relationship between ky and oy [25]

3.3.2 ITU-R Rain Attenuation Prediction Method [27]

The prediction method proposed by ITU for computing the rain attenuation rate
of ground-to-air link is widely used around the world. This method, which was
proposed by Dissanayake et al., takes into account the non-uniformity of the rain on
horizontal and vertical paths. It has proven to be quite an effective method for the
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Fig. 3.12 Ground-to-air propagation path. (Area A: Frozen hydrometeor area; B: Rain height; Area
C: Rainfall area; Area D: Ground-to-air path)

rain attenuation exceeded at 0.01% of the time probability, and several other methods
have been derived from it.

The geometric representation of the electric wave propagation of ground-to-air
link at the time of rain is as shown in Fig. 3.12. 6 denotes the ground-to-air link
communication elevation (°), ki, is the elevation of ground station (km), and A is the
rain roof height (km), which can be calculated with the isothermal layer height & at
0 °C (km); the equation for ig proposed in ITU-R P.839 Proposal is hg = ho + 0.36.
L, is the length of oblique propagation path of the electric wave through the raining
area (km), which is calculated using the following equation:

hr—hy o
sin 6 ¢ z 5

L, = 2(hg—hy) 0 < 5° (3.45)

‘/sin29+%;m+sin6

Re is the effective radius of the Earth. It is about 4/3 that of the actual radius of
earth, which corresponds to approximately 8,500 km.

It can be noted that the rain attenuation rate is zero when the rain height Ay is
less than the elevation h;. Lg is the projection of L, on the horizontal path (km):
L = Lgcosf.

The rain attenuation exceeded at 0.01% of the time Ago; (dB) of ground-to-air
propagation link is calculated using the following equation:

AO.OI = YRoo * LE (3.46)
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Fig. 3.13 Distribution map of annual rainfall rate exceeded 0.01% of the time

where yroo1 is the rain attenuation rate (dB/km) with respect to the rainfall rate
exceeded at 0.01% of the time Ry y; (mm/h), which can be calculated using Eq. 3.40;
Ro.01 is the local rainfall rate, with 1 min of integral time.

Proposal TULRP.837 recommended the digital map of the global statistical distri-
bution of rainfall rate, shown in Fig. 3.13, which can be used as a reference when
the local data remains unavailable or inaccessible. The rain attenuation rate is not
required in case of Ry ; = O.

In Eq. 3.46, Lg is the effective path length (km) with consideration of the
irregularity of the rainfall (km), which can be calculated using the following equation:

LE = LRUO.OI (347)
where

Lp =t arctan(—h’*_h5> >0

0 Lg roo
Lp = (3.48)
% arctan( th;o}:n <6
ro.01 1S the horizontal adjustment factor, which can be defined as
1
ro.o1 = - (3.49)
1+0.78,/=¢% — (0.38(1 — exp(—2Lg))

f

ug01 is the vertical adjustment factor, which can be defined as
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1
1+4+/sin@ (3 1(1—e=@/0+a0) %’5”‘ —0.45)

_ {36—I<p| lp| < 36°

Vo.01 =
(3.50)
0 lp| > 36°

where ¢ is the latitude of the ground station (°). The calculation equation for the rain
attenuation exceeded at p% of the time A, (dB) can be given as

P\ —(0:655+0.0331n(p)—0.045 In(Ag 01)—B(1—p) sin 0) s
Ap = Ao (1) 3.51
P 700,01 32D
0 p=1%5g| >36°
B =1 =-0.005(|¢| - 36) p<1%H]|¢|<36°H6>25° (3.52)
-0.005(|¢p| -36)+1.8—4.25sin @ Hhh

The annual average cumulative distribution of the rain attenuation can be measured
through the ITU-R rain attenuation rate prediction method, however, the attenuation
exhibits interannual variability due to the interannual variability of the rainfall. ITU-
R model has been developed on the basis of the statistical data of ground-to-air
rain attenuation and the corresponding rainfall rate. The majority of the test data is
acquired from North America and Europe and minimally from low-latitude regions,
hence, further testing is required for the suitable applicability of this model in the
low-latitude regions. Meanwhile, the prediction result of ITU-R rain attenuation
demonstrates a singularity variation with the elevation. Figure 3.14 illustrates the
change of rain attenuation for the 30 GHz satellite-to-ground link for the ground
station with the elevation. The propagation path through the rain area is shortened
with the increase in elevation; however, the predicted rain attenuation remains raised.
The credibility of such a prediction result has not been supported by the test data
yet, which primarily influences the prediction result in the low-latitude regions with
high satellite elevation.

3.3.3 Prediction Methods in China

To boost the accuracy and reliability of the forecasting of rain attenuation, full-
probability rain attenuation forecasting methods are being developed around the
world, which indicate the possibility of predicting other rain attenuations exceeded
at X% of the time, in case of the data deficiency about the rain rate exceeded at
0.01% of the time, utilizing the rain attenuation rate at any X% of the time. Scholars
namely Zhao Zhenwei, Lin Leke, and Lu Changsheng, from the China Research
Institute of Radio Propagation, established a new full-probability rain attenuation
prediction method by replacing the path adjustment factors by the rain rate adjustment
factors based on the index rain cell model, which is referred as the Chinese method
hereinafter [28]. This method has been submitted to the ITU by the relevant Chinese
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authority. The Chinese method features better prediction accuracy and convenient
processing, while also evading the singularity by comparing it to several prediction
methods including ITU-R prediction.

In the Chinese method, the calculation equation for rain attenuation exceeded at
p% of the time A, (dB) is as follows:

A, = k(r,R,) Ly (3.53)

where k and « are the coefficients for the calculation of rain attenuation (refer to
Sect. 3.3.1 for calculation method); Rp is the rainfall rate (mm/h) exceeded at p% of
the time; r, is the rain rate adjustment factor. The equation is as follows:

p0.065
rp = 3.78R;00+H1SVLs (1 _ 085 —— (3.54)
4 14 0.12L,

It should be noted that r, = 2.5 in case of r, > 2.5. Table 3.11 displays the
comparison results of the prediction errors between the Chinese method and the
available ITU method using the ITU-R satellite/ground link rain attenuation test
database, which suggests a considerably higher accuracy of the Chinese method.

Table 3.11 Error comparison of rain attenuation prediction methods

Time probability Prediction method | Average error % | RMS error % | Std error %
From 0.001 to 1% | ITU-R method —5.31 31.78 31.33
Chinese method 0.0025 24.41 24.41
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3.3.4 Worst-Month Rain Attenuation

The performance standard of the satellite communication system is typically assessed
in terms of the performance of “worst month” and “any month.” The allowance design
of the rain attenuation is generally determined by the rain attenuation in the worst
months. Particularly, for the satellite broadcasting services (BBs), their performance
is reviewed using monthly performance indicators. Therefore, the statistical char-
acteristics of the worst-month rain attenuation are indeed crucial for the satellite
communication system. The concept of worst months given by ITU-R is described
as follows [29]:

(1) The time probability exceeding a given threshold in the worst months is referred
to as the “annual time probability exceeding the threshold in the worst months.”

(2) The statistics applicable to the performance in “any month” are the average
long-term statistics of time probability exceeding the threshold in the worst
month of the year.

(3) The worst month refers to the month that exceeds the given threshold for
the longest time, which must be a natural month in the calendar (Gregorian
calendar). The worst month may not be the same for different thresholds.

The model of rain attenuation prediction demonstrates the annual average cumu-
lative distribution of rain attenuation. The rain attenuation in the months with heavy
rainfall is evidently higher than the average attenuation; this may result in the avail-
ability of the system in the month much lower than the annual average availability,
such that the application requirements are not fulfilled. The conversion equation of
worst-month time probability and annual statistical time probability described in
Recommendation ITU-RP.841 is as follows [26]:

where p,, and p are the worst-month time probability (%) and annual statistical time
probability (%) under the same threshold, respectively; the equation of function Q
is as follows [26]:

1
12 p< (1%)/3
o=10p"* (4)P <p<3 (3.56)
0.3 3<p<30

12037F)
Q13"3(%) 203 30% < p
The global conversion parameters Q; = 2.85 and 8 = 0.13 are described in
Recommendation ITU-R P.841. Here, the relationship between Q and the annual

probability p is as shown in Fig. 3.15, and the dotted line in the figure denotes the
theoretical upper limit.
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Fig. 3.15 Relationship between the global conversion parameter Q and p [30]

Zhan Zhenwei systematically evaluated the annual statistical distribution of global
rainfall rate, including China, and statistical distribution characteristics in the worst
month, and proposed two conversion methods of the rainfall rate in the worst month
for two such regions categorized as—"“tropical, subtropical, and temperate climate
region with frequent rain” and “temperate, polar, and desert regions,” which was
incorporated in Recommendation ITU-R P.841. Table 3.12 displays the subregion
parameters of the global rainfall rate in the worst month. Figure 3.16 illustrates the
relationship between corresponding Q and annual average probability p.

To acquire a conversion method for the rainfall rate in the worst month that is
more appropriate for China, we proposed three subregions (south, north, and arid
region) in China based on the characteristics of annual average statistical distribution
and worst-month statistic distribution, which corresponds to 1, 2, and 3 in Fig. 3.17,

Table 3.12 Subregion parameters of global rainfall rate in the worst month

Climate zone Q1 B

Tropical, subtropical, and temperate climate region with frequent rain 2.82 0.15

Temperate, polar, and desert regions 4.48 0.11
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Fig. 3.16 Relationship between the subregion conversion parameters Q and p [26]

while also recommending the conversion parameters for these three subregions, as
shown in Table 3.13.

For predicting the rain attenuation in the worst month, global conversion parame-
ters can be utilized to obtain the worst-month statistical distribution by annual statis-
tical distribution of the rain attenuation. Additionally, we can predict the worst-month
rain attenuation in different regions of China by adopting the subregion parameters,
since the rain attenuation is directly related to the rainfall characteristics.

3.4 Rain Attenuation Frequency Conversion

The rain attenuation frequency conversion refers to the measurement of the rain atten-
uation with a frequency, to predict the attenuation with another frequency. By and
large, the rain attenuation with a high frequency is predicted with a low frequency.
For satellite communication systems, we can calculate the rain attenuation for the
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Fig. 3.17 Subregions of
rainfall rate in the worst
month

Table 3.13 Subregion .

parameters of rainfall rate in Subregion Qi B

the worst month South 3.12 0.15
North 4.12 0.13
Desert 5.40 0.10

downlink of the satellite by measuring the signal of the downlink, and then esti-
mating the rain attenuation of the uplink by frequency conversion, to implement the
anti-fading attenuation of the satellite system. In a rainfall event, the ratio of rain
attenuation usually varies, increasing with a surge in rain attenuation. The frequency
conversion of rain attenuation is divided into instantaneous frequency conversion
and long-term statistic frequency conversion, which is introduced separately in the
next sections.

3.4.1 Instantaneous Frequency Conversion

With the condition of measuring instantaneous rain attenuation A; (dB) of signal
with frequency f, we can predict the possible distribution of rain attenuation A,
(dB) of signal with frequency f; by instantaneous frequency conversion. Predom-
inantly, this conversion method is utilized to control the uplink power and self-
adaption coding modulation of the satellite communication system. This method is
applicable for the rain attenuation with a frequency less than 55 GHz and requires
cumulative distribution characteristics of the link rain attenuation with frequencies
f1 and f5. According to the undertaken test, the cumulative distribution of rain atten-
uation for the satellite-to-ground link follows the logarithmic normal distribution,
namely, p(A; > a;|A; > 0) and p(A; > a|A, > 0) follow the logarithmic normal
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distribution of parameters (i1, o1) and (1o, 0;), respectively [27].

1 _

pA; > ai|lA >0) = Q(%) (3.57)
1
1 _

P(A2 > ax|Ay > 0) = Q(Mz—zm) (3.58)

where 111 and u, are the average values of the logarithmic normal distribution, and
o1 and o, are the standard deviation values of the same; function Q is as follows
[27]:

[e.¢]
1 1
o) = —/ex (——)d (3.59)
var ] TP\ T2 )
Here, the probability of uplink rain attenuation with frequency f, is shown when
making p(A, > a»|A; = a;) represent the low-link rain attenuation A; = a; (dB)

with f. Its prediction equation is as follows [27]:

(3.60)

pA2 > arlAr = ar) =Q(M>

02/1

When the rain attenuation with frequency f is a;, the prediction equation of
instantaneous rain attenuation a, with frequency f, exceeded at the given time p is
as follows [27]:

a = exp(02/107' (p) + pap1) (3.61)

where wy and oy represent the conditional standard and conditional standard
deviation, for which the equation is as follows [27]:

02 o2
M2y =U—\/1—$21n(01)+<ﬂ2— . !
1 1

V11— 52> (3.62)

021 = 02§ (3.63)

where the length £ is a coefficient related to frequency [27]:

0.57
£ = 0.195—2 - 1} (3.64)

1

It is important to obtain parameters (1| and o) and (i, and o;) for this method.
‘We can obtain these parameters by fitting the statistical results of local rain attenuation
or by fitting the calculated results from the above-mentioned prediction model.
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Next, we introduce the fitting of | and o | by taking the downlink as an example.

(1) First, we obtained the rain probability on the satellite-to-ground link prain (%),
derived from statistics to historical rainfall data in local or Recommendation
ITU-RP.837.

(2) Then, we got the time probability p;; (i = 1, 2, ..., 12) of the downlink with
frequency f; to be 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, and the

statistical result of 5% rain attenuation A;; (i = 1, 2, ..., 12), derived from
the historical observation data or calculated by the above-mentioned prediction
model.

(3) We obtained the conditional probability pf ; = [’: L@i=1,2,...,12)of therain
attenuation and then converted the probablhty and correspondmg attenuation
sequence [pf ;, Ay ;] to [Q™ (p“), InA, ;]

(4) We fitted the equation InA, ; = 010" (p§ ;) + 1 by adopting minimum Least
Square method, to obtain the logarithmic normal distribution parameters 1¢; and
1.

Taking a link as an example, with an uplink frequency of 30 GHz and downlink
frequency of 20 GHz.

Figure 3.18 illustrates the distribution result (up link: u; = 0.1837, o7 =
0.9411; downlink: u, = 1.0219, o, = 0.8909) of the conditional probability of the
uplink attenuation predicted by the above-mentioned methods when the downlink
attenuation is 12 dB.
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Fig. 3.18 Distribution result of the conditional probability of uplink attenuation
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3.4.2 Long-Term Statistical Frequency Conversion of Rain
Attenuation

When the statistical result of downlink attenuation is known, the result of the uplink
attenuation can be easily predicted by the long-term statistical frequency conver-
sion. This method is applicable to frequencies from 7 to 55 GHz. The equation of
conversion from the uplink to the downlink is as follows [27]:

Ay = Ay (o)) Hr2AD (3.65)

where A; and A, are the equiprobable rain attenuation values with frequency f
(GHz) and f, (GHz), and:

12 .
= —t =1,2 3.66
= 0 (i ) (3.66)
H(p1, g2, A1) = 1.12 x 107 (02/91) "> (91A41)° (3.67)

While designing a satellite communication system, if the long-term measurement
results of rain attenuation have been derived with a certain frequency for the same
propagation path, then the prediction results of the attenuation with other frequencies
for the same path can be obtained by utilizing the conversion method, which also
presents a higher reliability quotient than the prediction model.

For pragmatic applications, the conversion calculation can be simplified by a fixed
frequency conversion ratio.

3.5 Dynamic Characteristics of Rain Attenuation

With the advancement of satellite communication frequencies, statistical prediction
of rain attenuation is a pre-requisite not only for system design, but also for the
application and reliability evaluation of anti-fading techniques. The dynamic char-
acteristics of the slant link rain attenuation are as shown in Fig. 3.19, including fading
duration, fading interval, and fading slope. The fading duration is defined as the time
interval between two intersections that exceed the threshold with the same attenua-
tion. The fading interval is defined as the interval between two intersections that is
lower than the threshold of the same attenuation. The fading slope is defined as the
fading rate change with time. With respect to satellite communication, fading dura-
tion and fading slope are more important dynamic characteristics of rain attenuation.
The prediction method for these two parameters is introduced in this section [30].
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Fig. 3.19 Dynamic characteristics of rain attenuation of ground-to-air link

3.5.1 Fading Duration

The time and duration of the system interruption or failure caused by rainfall can be
measured using the statistical characteristics of fading duration. The fading duration
can be obtained from the resource allocation of the satellite system and can be
used to provide the statistical duration of preserving the compensation state before
the recovery of the anti-fading system to normal working mode. Furthermore, for
satellite communication systems, the propagation channel usually generates an error
code train instead of a single error code, and the characteristics of fading duration
tend to support the coding pattern.

The fading duration is generally described in terms of two distributions: One
is the occurrence probability of fading times p (Td > D|A > a), that is, the ratio
of fading event times with duration 7; > D(s) to all fading events exceeding the
threshold with rain attenuation exceeding the threshold a (dB); and the second one
is the cumulative exceeding probability of fading (Td > D|A > a), that is, the ratio
of total fading time of fading duration T; > D(s) to total fading time exceeds the
threshold with rain attenuation exceeding the threshold a (dB).

ITU-R adopts the two-sectional model to predict the fading duration, which entails
logarithmic normal distribution of long-term fading and power exponential distribu-
tion; and can be suitably utilized for forecasting of fading duration for the satellite-
ground links at frequency 10 < f < 50 (GHz) and elevation angle (5° < 6 < 60°).
When the given fading threshold is a (dB), the threshold duration of the boundary
D, between long-term fading and short-term fading determines the following [30]:

D, = Dyexp(pio? + pro — 0.39) (3.68)
In which,

D() — 80970.4f1.4a70.39 (3.69)



76 3 Hydrometeor Effects

o = 1.85F7005470027 (3.70)
p1 = 0.885y —0.814 (3.71)
pr = —1.05y2 +2.23y — 1.61 (3.72)
y = 0.055f0'65a_0'003 (3.73)

When fading durationis 1 < D < D, it is regarded as short-term fading, and p(T 4
> DIA > a) and F(T; > DIA > a) are [30]:

p(T, > DIA>a)=D"" (3.74)
D\
F(T; > D|IA > a) = |:1 — k<3> :| (3.75)

When fading duration is D + Dy, it is regarded as long-term fading, and the
forecasting formulae of p(T; > DIA > a) and F(T ; > DIA > a) are [30]:

—p—~ 7
plla= PRz 0 =5 Q(M) (3.76)
F(T; > DIA>a)=(1—- k)@ 3.77)
In which,
oo
0@) = — / EY 578)
) = — e Iy .
N2
4
VDoD (1 — y)Q(hl(m;M)
e (1 (D) 1(0)) (3.79)
Dy Q ===
D; = Dyexp(—o?) (3.80)

Moreover, when fading exceeds the threshold a, the forecasting formulae of N(T 4
> DIA > a) of fading duration time 7'; > D(s) and total fading time 7(T; > DIA > a)
are [30]:
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N(T; > DIA > a) =p(T; > D|A > a) X N(a) (3.81)

T(T; > DIA>a)=F(T; > DA > a) X Ti(a) (3.82)

In the formula: N (a) and T (a) represent the total number of attenuation events
and total fading duration for which attenuation exceeds the threshold a, respectively,
with the fading duration being longer than 1 s.

T'\ot(a) can be determined by locally measured data, or by the cumulative distribu-
tion of predicted rain attenuation, while N, (a) can be calculated using the following
formula [30]:

k 1—vy
Nit(A) = Tt (A) - — - =
v D

t

(3.83)

The fading interval normally corresponds to the fading duration. Regarding the
system functioning, it is highly crucial to identify statistical intervals after an inter-
ruption event and before the occurrence of the next one. According to test results,
statistical characteristics of long-term fading interval appear in conformity with the
logarithmic normal distribution, and short-term fading interval, similar to short-term
fading duration, abides by the power exponential distribution, but a fully developed
forecasting model and measurement method is yet to be formulated.

3.5.2 Slope of Fading

The slope of the fading parameter is utilized to design a control loop for tracking
signal changes, as well as to predict short-term variation in propagation conditions,
which is a key element for proper implementation of the satellite communication
system in fade mitigation technology. The probability of slope of fading depends
on various climatic parameters, raindrop size distribution, and rainfall type. For a
given attenuation threshold, the slope of fading is inversely proportional to the path
length and proportional to the elevation angle of the earth-space path. Furthermore,
the slope of fading is closely related to the system parameters, and hence, receiving
a window with a longer integral time will instantaneously decrease the change in
fading. When analyzing the slope of fading of rain attenuation, it is essential to
administer a low-pass filter for signals to eliminate any influence by troposphere
scintillation. When forecasting the slope of fading, consideration of the parameters
of the selected low-pass filter is equally significant.

Calculation formula of slope of fading ¢(r) (dB/s) at time t is as shown below
[30]:

At + 1 Ar)—-A(—1 Ar)
At

¢(r) = (3.84)
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In the formula: A refers to rain attenuation (dB) at a proper moment; At refers to
interval (s) for calculation of the slope of fading.

The forecasting method recommended in ITU-PR.1623 can be adopted for
predicting slope of fading. With respect to rain attenuation value A, probability density
function p(¢|A) with ¢ of slope of fading can be calculated using the following
formula [30]:

2
p&lA) = (3.85)

na;(l + ({/o;)2>2

Formula of complementary cumulative distribution F(¢]A) with slope of fading
exceeding ¢ is [30]:

F(zl4) = 1 ¢/o; _ arctan(¢/o¢)

2 7t<1 + (C/U;)Z) d .

Formula of conditional probability F(¢|A) of absolute value with slope of fading
exceeding ¢ is [30]:

FULIA) = 1 — 2(I¢1/0¢) - 2arctan(|¢ /o) 3.87)
7 (1+ (I¢1/o:)°) ™
In which,
o; = SF(fy, ADA dB/s (3.88)
22
F(fy, Al) = (3.89)

(1/£L + @an?)"”

In the formula: b = 2.3 is a constant; s refers to parameters related to the climate
and elevation angle. In Europe and United States, the total average value of elevation
angle 10°-50° is 0.01; f 5 refers to 3 dB cut-off frequency provided by the low-pass
filter, using 0.001-1 Hz in general. The applicable ranges of this method are as
follows: frequency 10 < f < 30 (GHz), elevation angle of links 10° < 8 < 50°, rain
attenuation 0 < A < 20 (dB), and interval of calculation of slope of fading 2 < At <
200 (s).

Zhang et al., fitted the o, in the above-mentioned model once again, based on
the rain attenuation observation data of 12.25 GHz satellite-ground link in China’s
Haikou, and derived a new calculation formula for o, [30]:

o =S8(A) x o(At) (3.90)
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SA) = —0.0128A42 + 0.2874A — 0.3104 (3.91)

o (Ar) = —1.8106 x 107 8Ar* +7.1973 x 107°Ar> — 0.001 Az + 0.0839 (3.92)

The coefficients in formula (3.91) and formula (3.92) are relative to the regions
considered. By being tested by measured data, the upgraded model proves to possess
a higher forecasting precision for Haikou than the ITU-R model.

3.6 Rain Attenuation Time Series

With the rapid advancement of frequency-based satellite communication, the link
attenuation represented by rain attenuation has become increasingly acute. It is quite
challenging to supplement propagation attenuation of links by preserving system
allowance, since resources could be wasted and other systems strongly disturbed if a
high allowance is planned. For optimization of system resources and enhancement of
anti-fading ability of the system, satellite communication systems at the Ka frequency
band and above are obligated to implement self-adaption anti-fading technologies,
such as self-adaption power control, self-adaption modulation and coding, and self-
adaption speed regulation. Obtaining the suitable time series of links for a rational
design and effective implementation of the self-adaption anti-fading technologies
is vital. With the limitations put forward by the test conditions, the measurement
data of rain attenuation can only be obtained from a small number of stations, which
creates a hindrance for the effective implementation of anti-fading design in a satellite
system for a widespread area. The time series of any links can be simulated using the
synthetic method of time series, so that this deficiency is supplemented very well.

The universal synthetic methods suggested in ITU-RP.1853 recommendation are
as shown in Fig. 3.20. Following the synthesis process of the time series A(f), a
random white Gaussian noise n(f) with mean value of 0 and standard deviation of 1
is filtered to generate a random sequence X(¢) and is then converted from the normal
distribution to logarithmic normal distribution applying a memoryless non-linear
component to synthesize a time series of links via offset calibration.

Determination of 5 statistical parameters is significant for synthesis, including rain
probability p.i, (%), mean value w, and standard deviation o of logarithmic normal

Low-pass filter Memoryless non-linear device Calibration
n(f)
White — »| > fB X(0) > exp(m + o x X (t)) Aofer  f——> A(r)
gaussian noise Rain attenuation (dB)

1853-1

Fig. 3.20 Block diagram of the rain attenuation time series synthesizer [31]
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distribution of rain attenuation, parameter 8(s—1) for description of dynamic features
of time, and offset Ayftser (dB) for regulating the time series to conform with raining
probability, among which, the rain probability, mean value, and standard deviation of
logarithmic normal distribution of rain attenuation can be measured using methods
in Sect. 3.4.1. Parameter 8 mainly affects the self-correlation function and power
spectral density function of the time series A(f), using 2 x 107 (s7!), in general.
Formula for attenuation offset A (dB) is as follows [31]:

—1( Prai
Aoier = exp(i+0 07! (F20)) (3.93)

After determining the above parameters, we can simulate the time series as per
steps in Fig. 3.20. When synthesizing a time series Ain(k7T) (k = 1, 2, 3) with
sampling interval of T'; (s), its implementation process is as follows:

(1) Select a time series of white Gaussian noise n(kTy) (k =1, 2, 3, ...) with mean
value of 1, variance of 1, and sampling interval of T;.
(2) Filter n(kT,) using recursive low-pass filter to get a formula as follows [31]:

XKT,) = p x X((k — DT) + /1= p2 xn(kTy) k=1,2,3,... (3.94)

In the formula: p = exp(—BT); initial value X(0) = 0.
(3) Convert the synthesized time series X(kT';) by memoryless non-linear compo-
nent to get the time series with logarithmic normal distribution Y, (kTy)
[31]:

Yiain (KT) = exp(u + o X (kTy)) (3.95)

(4) Calibrate Y i, (kT ') by rain attenuation offset A and then synthesize the time
series Apin(kT's) required, by synthesis [31]:

Arain (kTs) = maX[Y(kTs) — Aoffset 0] (396)

(5) Abandon first 2 * 10° sample values of the synthesized time series (corre-
sponding to transition part of the filter). The time series obtained via simulation
possessing a continuous sampling value larger than O is regarded as the rain
attenuation event.

Figure 3.21 provides the time series of rain attenuation of one 30 GHz satellite-
ground link synthesized by this method. According to studies on the comparison of
synthesized rain attenuation time and measured rain attenuation time, the fading dura-
tion, slope of fading, and power spectrum of the generated time series are all highly
identical to measured rain attenuation, substantiating that this method is feasible for
synthesizing the time series.
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Fig. 3.21 Simulation of the time series of rain attenuation of satellite-ground links

3.7 Short-Term Forecasting of Rain Attenuation

The short-term forecasting of rain attenuation is instrumental for the implementation
of anti-fading design in satellite communication systems as well as dynamic distri-
bution of satellite resources, along with offering auxiliary support for the planning
of relevant tasks. According to different time scales of short-term forecasting of rain
attenuation, it is generally divided into real-time forecasting (second to minute) and
regional short-term forecasting (hour to day). The former is primarily used to support
the implementation of anti-fading design in the system, while the latter to facilitate
auxiliary assistance for satellite resource allocation and task planning.

The real-time forecasting utilizes the rain attenuation values at previous or several
time points to predict the attenuation in the next period, and thereby aids the system
in performing timely fading supplementation in accordance with the rain attenuation
values predicted in real time, for a successful implementation of the anti-fading
strategy. The real-time forecasting method of rain attenuation in the early stages is
based on the single-sample and double-sampling model of the Markov process. In
recent years, several novel forecasting methods based on the linear fitting method,
gray system theory, self-adaption filtering, and artificial neural network have been
developed. Figure 3.22 provides an example of real-time forecasting based on gray
system theory, with a forecasting interval of 10 s.

Following the progress in the development and reliability of meteorological fore-
casting technologies, regional short-term forecasting technologies based on numer-
ical weather forecasting and meteorological radar observation have been explored
further to predict several hours to days in advance. The effective allocation of satellite
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Fig. 3.22 Example of real-time forecasting based on gray theory

system resources can be executed in accordance with the forecasting result of rain
attenuation region distribution. Figure 3.23 provides an example of forecasting the
result of rain attenuation region.

0100 LST 20 JU

14E

3=8

|
—_— kW & i S =3 2 O

116E

Fig. 3.23 Short-term forecasting of rain attenuation
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3.8 Rain-Induced Cross-Polarization

When the radio waves of a satellite communication system travel along the slant
path, the polarization direction of radio waves may get deflected, which is called as
depolarization. With respect to satellite communication systems using orthogonal
polarization multiplexing technology, the depolarization effects emerge as critical
factors determining the performance of orthogonal channels. There exist diverse
physical mechanisms of depolarization. Ground reflection and atmospheric stratifi-
cation reflection in clear air can lead to depolarization, especially multipath prop-
agation. During rainfall, the scattering of raindrops can lead to cross-polarization
effect. With respect to satellite communication systems operating at 10 GHz and
above, rain-induced depolarization is a key factor that causes depolarization of a
satellite. This chapter mainly introduces the rain-induced depolarization effect and
forecasting method of satellite signals.

3.8.1 Description of Depolarization

The original linearly and circularly polarized radio waves of a satellite become ellip-
tically polarized under the depolarization effects of propagation media. Polarization
characteristics of radio waves can be described using the following parameters:

@ Rotation direction (looking in the opposite direction of the wave): Left rotation
and right rotation.

@ Axial ratio: Amplitude ratio of the long and short axis of the polarization ellipse.

® Inclination angle of polarization ellipse: Inclination angle of polarization ellipse
to coordinate satellite in the propagation direction.

By and large, cross-polarization discrimination (XPD) and cross-polarization
isolation (XPI) are used to describe depolarization characteristics of radio waves.
Take linear polarization as an example, as shown in Fig. 3.24, the XPD and XPI are
defined as follows:

(1) Cross-polarization discrimination, noted as XPD. When transmitting a polarized
radio wave, the ratio of co-polarization signal power and orthogonal polarization
power obtained at the receiving terminal is defined as XPD (dB), that is

E
XPD =201g - dB (3.97)
Ep

(2) Cross-polarization isolation, noted as XPI. The transmitting terminal transmits
the radio waves with the same power in two orthogonal polarization directions,
and the ratio of the power of co-polarized waves to the power of cross-polarized
waves received in one polarization direction is defined as XPI (dB), that is
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Fig. 3.24 Sketch of depolarization characteristics. a Cross-polarization discrimination (XPD);
b Cross-polarization isolation (XPI)
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When transmission signals have the same amplitude as the electric field (E; = E»)
and depolarization due to the receiving system can be overlooked, the measurement
result of XPD is the same as that of XPI. Formulae (3.97) and (3.98) are applicable
for linear polarization, but the definitions with respect to XPD and XPI are applicable
for any other orthogonally polarized systems. The XPD is always used to measure
polarization characteristics in earth-space path propagation.

3.8.2 Rain-Induced Depolarization Mechanism

The spherical raindrops do not cause depolarization effects, so long as the axis of
raindrops coincides with the polarization electric field of vertically or horizontally
polarized waves, even if the raindrops are ellipsoidal. When the axis of a raindrop is
inclined against the wave polarization direction, there exists a difference in attenua-
tion and phase offset between the two electric field components, as the path length that
the vertical component and horizontal component of the electric field pass through
is different, that is, there is differential attenuation and differential phase offset,
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such that the polarization status of outgoing waves is different from that of incident
waves leading to cross-polarization. According to several studies, differential phase
shift at a low-frequency band remains the principal cause of depolarization, but for
frequencies between 30 and 90 GHz, it is the differential attenuation. Noticeably,
rain-induced cross-polarization is caused by the offset of the raindrop axis and prop-
agation direction and depends on the inclination angle of path and inclination angle
of raindrop, among which, raindrop inclination angle is the most significant factor
(Fig. 3.7). A raindrop’s inclination angle is caused by air flow and is completely
random. According to research, the inclination angle of raindrop abides by the Gaus-
sian distribution, and its mean value and standard deviation are relative to the rainfall
rate and vary with different regions. Oguchi suggests that inclination angles—o
and y, of a raindrop are independent of the raindrop’s size; they abide by Gaussian
distribution and function independent of each other, and this is the most preva-
lent inclination angle distribution model used for the rain-induced cross-polarization
algorithm.

3.8.3 Prediction Method of Rain-Induced Cross-Polarization

For rain-induced cross-polarization, extensive theories and test studies have been
developed internationally. According to several studies, a good correlation is found
between rain-induced cross-polarization discrimination and co-polarization attenu-
ation. For the same time probability, there is a semi-empirical relationship between
rain-induced cross-polarization and co-polarization attenuation [27]:

XPD =U — V1g[A] (3.99)

In the formula: XPD and A represent cross-polarization discrimination (dB) and
co-polarization attenuation (dB), respectively, with the same being exceeded; U and V
refer to undetermined parameters, and different prediction time probability methods
are essentially reflected by different U and V values. In subsequent sections, we will
introduce the rain-induced cross-polarization prediction method recommended by
ITU (ITU-R prediction method) and an upgraded prediction method that is submitted
to ITU by China (China’s prediction method).

1. ITU-R prediction method:

A prediction method of rain-induced cross-polarization of earth-space links is
provided in ITU-PR.618 Proposal, which is suitable for frequencies 6 < f < 55
(GHz) and elevation angle of 6 < 60°. Cross-polarization discrimination with p (%)
time probability exceeded XPD,, (dB) is calculated using the following formula [27]:

XPD]J = XPDrain — XPD;jc. (3100)
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In the formula: XPD is an ice-related item, XPDjce = XPDyain X (3.3 + 0.1 1g p)/
2; XPDaiy 1s an item of rain-induced cross-polarization discrimination (dB), XPDyin
with p (%) time probability exceeded is calculated using the following formula [27]:

XPDypyin =Cr —Cy + C; + Cy + C, (3.101)

In which, frequency-related item, C, (dB), is calculated using the following
formula [27]:

60lgf —28.3 6<f <9GHz
Cr =1 26lgf +4.1 9 <f < 36GHz (3.102)
3591gf — 113 36 <f < 55GHz

Rain attenuation-related item, C4 (dB), is calculated using the following formula
[27]:

Ca=V(f)lgA, (3.103)

30.8f921 6 <f <9GHz
12.8f%1° 9 <f <20GHz
22.6 20 <f < 40GHz
13.0f%15 40 <f < 55GHz

V() = (3.104)

In formula (3.103): A, is rain attenuation with p (%) time probability exceeded,
also called as co-polarization attenuation, and historically statistical results or model
prediction results can be adopted.

C. (dB) is a polarization angle-related polarization improvement factor and is
calculated using the following formula[27]:

C; = —10Ig[1 — 0.484(1 + cos47)] (3.105)
When t =0°, C, = 0; when 7 = 45° or 90, C, is up to 15 dB.
Cy (dB) is an elevation angle-related item and is calculated using the following
formula [27]:
Cy = —401g(cos 0) (3.106)

C, (dB) is a raindrop inclination angle-related item and is calculated using the
following formula [27]:

Cy = —401g(cos ) (3.107)
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In the formula: o is standard deviation of inclination angle distribution of raindrop
(°). op values corresponding to 1%, 0.1%, 0.01%, and 0.001% time probability
exceeded are 0°, 5°, 10°, and 15°.

2. China’s method:

Zhao Zhenwei and Lin et al., using second-order small variable approximation of
rain-induced cross-polarization theory, postulated an enhanced rain-induced cross-
polarization forecasting method by fitting the parameters collectively with ITU’s
rain-induced cross-polarization data and submitted it to ITU for inspection, which,
hereafter, is called as “China’s method” [32]. Compared with ITU-R’s method,
a second-order parameter AXPD is added to China’s method when calculating
XPDyyin, to develop a new calculation formula for frequency-related item Cy and
rain attenuation-related item Cy4 [32]:

XPDyyin = Cs — Ca + C, + Cy + Cy + AXPD (3.108)
Cr =20+ 111gf (3.109)

Ca =21.71gA4, (3.110)

AXPD = —0.085A, cos’ 6 cos 27e~ 000619 (3.111)

3.8.4 Frequency Scaling of Rain-Induced Cross-Polarization

Adopting the frequency scaling model of rain-induced cross-polarization, we can
predict XPD, value of another frequency and polarization angle by using long-term
statistical result XPD) of a certain frequency and polarization angle. XPD, and XPD,
correspond to the same time probability. The scaling formula is [27]:

XPD, = XPD; —201g

(3.112)

fo/1 —0.484(1 + cos 47:2):|
14/1 —0.484(1 + cos4ty)

In the formula: £, 7| and f>, 7, refer to different frequencies and polarization
angles.

Formula (3.112) is applicable to 4 < f, f» < 30. Since the applicable frequency
of formula (3.100) is between 6 and 55 GHz, XPD at 4-6 GHz can be obtained by
6 GHz prediction result in combination with formula (3.112).
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3.9 Other Propagation Effects

3.9.1 Wet Antenna Attenuation

During a rainfall event, water is accumulated on the reflector of the antenna, antenna
housing, as well as horn hood causing attenuation of satellite signals. At the same
time, the receiving quality of the antenna also reduces owing to the defocusing caused
by the refraction of radio waves produced by the water film on the antenna and surface
of the feed resource. The additional attenuation caused by the rainfall mentioned
above is collectively called as wet antenna attenuation. According to several exper-
iments, wet antenna attenuation increases with an increase in rain attenuation and
finally reaches a maximum value; antenna water-accumulation attenuation of 20 GHz
and 27 GHz earth-space links is up to 6 dB and 8 dB, respectively. Since there is
limited test data of wet antenna attenuation, and wet antenna attenuation is relative to
elevation angle of the antenna, antenna type, rainfall type, wind speed, and direction,
it is challenging to develop a model of wet antenna attenuation. In fact, wet antenna
attenuation is included in the forecasting model of rain attenuation of earth-space
links.

3.9.2 Attenuation Due to Sand and Dust

The mechanism of attenuation caused due to sand and dust is identical to that of
attenuation due to clouds and rain. In the microwave frequency band, the attenua-
tion due to dust particles can be calculated using Rayleigh scattering theory, while
in millimeter wave band and above, Mie’s theory is more fitting. With limitations
imposed by test data, studies on attenuation due to sandstorm are still in the theoret-
ical stage, signifying that the attenuation rate of sandstorms is inversely proportional
to the visibility of the sandstorm and is closely related to the water content in sand. In
case of dry sandstorms with visibility of 100 m, the attenuation rates at 14 GHz and
37 GHz are 0.03 dB/km and 0.15 dB/km, respectively. For sandstorms with water
content of 20% and the same particle size distribution, the attenuation rates are about
0.65 dB/km and 1.5 dB/km, respectively. Based on existing studies, the effect of sand-
storm on a satellite’s signals is small for the Ka frequency band and below, while the
sandstorm with high concentration and high water content can produce considerable
attenuation of a satellite’s signals for 30 GHz frequency band and above.
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3.10 Total Atmospheric Attenuation

For satellite communication systems operating at the Ka frequency band and above,
it is necessary to consider the overall influence produced by atmospheric gas atten-
uation, scintillation fading, cloud attenuation, and in particular, rain attenuation.
The prediction method of total atmospheric attenuation with p (%) time probability
exceeded provided by ITU-R is as follows [27]:

Ar(p) = Ac(p) +\/(AR(P) +Ac(p)? + A5 () (3.113)

When P% < 1%,

Ac(p) = Ac(1) (3.114)

Ag(p) =Ac(1) (3.115)

In the formula: Ag(p), Ac(p), Ag(p), and As(p) represent rain attenuation, cloud
attenuation, gas attenuation, and scintillation attenuation, respectively, with p(%)
time probability exceeded.

3.11 Radio Wave Environment Data in Prediction Model

The radio wave environment behaves as an assembly of space environment factors
that affect radio wave propagation. The radio wave environment of the troposphere is
also called as radio meteorology environment. The prediction reliability of radio wave
propagation depends on the credibility of the surrounding environment parameters
imported into the model, to a huge extent. Traditional radio meteorology param-
eters typically adopt partition parameters and empirical models, which are mostly
inaccurate and could lead to discontinuity of prediction result of partition boundary.
To improve precision and reliability of radio wave environment parameters, univer-
sally, people make use of long-term ground and sounding meteorology observation
data and evaluate meteorology data to create a digital map of the radio wave environ-
ment, including atmospheric temperature, humidity, air pressure, atmospheric refrac-
tive index, refractive index gradient, rainfall rate, cloud integration water content,
and integration vapor content, to enhance the accuracy of radio wave environment
parameters.
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Fig. 3.25 Example of ITU-R’s digital maps [53]. (Normalized total columnar content of cloud
liquid water exceeded for 1% of the year)

3.11.1 ITU-R Digital Maps of Radio Environment

ITU-R established various digital maps of radio wave environment parameters essen-
tial for propagation forecasting based on reanalysis data ERA-15 (1978—-1994) in the
European Center for Medium-Range Weather Forecasts, wherein, the radio wave
environment parameters related to the forecasting of earth-space path propagation
characteristics are as shown in Fig. 3.14. In these digital maps [33], the space position
is exported by several rows and columns, and the space relationship is implied by
illustrating an adjacent relation in the mesh. Therefore, locating the parameters at a
certain longitude/latitude becomes incredibly convenient when we know the starting
point, size, and the number of rows and columns of the mesh. Figure 3.25 provides
the global statistical map of rainfall rate with 0.01% time probability exceeded and
vapor integration content with 1% time probability exceeded (Table 3.14).

3.11.2 China’s Digital Map of Radio Environment

China Research Institute of Radio Propagation utilized the long-term observation
data from 1991 to 2000 of more than 1,000 surface meteorological stations and more
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Table 3.14 ITU-R’s digital map of main radio wave environment related to forecasting of earth-
space path propagation characteristics [33]

ITU-R’s Data Mesh Spatial Variable
recommendation | variable accuracy | interpolation interpolation
methods method
Time
probability
interpolation
method
P.839 Height of 1.5° x Bilinear - -
zero layer 1.5° interpolation
P.837 Cumulative |0.25° x | Bilinear Semi-logarithmic | —
distribution | 0.25° interpolation | interpolation
of rainfall
rate
P.1511 Elevation 0.5° x Bicubic - -
0.5° interpolation
P.836 Vapor 1.125° x | Bilinear Semi-logarithmic | Linear
column 1.125° interpolation | interpolation interpolation
integration
content
P.836 Vapor 1.125° x | Bilinear Semi-logarithmic | Linear
density of 1.125° interpolation | interpolation interpolation
earth’s
surface
P.1510 Annual 0.75° x | Bilinear - -
average 0.75° interpolation
temperature
of earth’s
surface
P453 Refractive 0.75° x Bilinear - -
index wet 0.75° interpolation
item
P.840 Cloud 1.125° x | Bilinear Semi-logarithmic | Linear
integration | 1.125° interpolation | interpolation interpolation
water
content

than 100 weather sounding stations located in China and the surrounding regions, to
set up 11 types of Chinese digital maps of the radio wave environment parameters
of the troposphere together with the distribution features of China’s observation

stations.

Compared to ITU-R’s digital maps, Chinese digital maps can reflect China’s
climatic features in a more effective manner. Figure 3.26 provides an example of
such digital maps.
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(a) (b}

Fig. 3.27 Comparison of digital maps of rainfall rate with time probability exceeded. a Generated
by ITU-R; b generated in accordance with China’s data

3.11.3 Selection Principle of Radio Environment Parameters

The accuracy of radio environment parameters directly impacts the result of prop-
agation forecasting. Radio wave environment parameters obtained via different
data resources naturally tend to be different, and thus, reasonable selection of the
parameters can boost the accuracy and reliability of propagation forecasting. When
performing radio wave propagation effect forecasting in China, the parameters can
be obtained using the following sequences:

(1) Obtain cumulative distribution required by environment parameters in accor-
dance with the local long-term climate monitoring data (more than 10 years).

(2) Obtain environment parameters of the required regions through interpolation
in accordance with the digital maps of radio wave environment generated by
China’s long-term climate monitoring data (more than 10 years).

(3) Obtain environment parameters of the required regions through interpolation
by using ITU-R’s digital maps of radio wave environment.

Figure 3.27 depicts a comparison of the ITU-R’s digital map of rainfall rate
and the Chinese digital map of rainfall rate with 0.01% time probability exceeded,
which is generated using China’s statistical data. ITU-R’s rainfall rate distribution
basically decreases from south to north with latitude, and there exists a high rainfall
rate distribution center in the Kashi Region and the Xinjiang Uygur Autonomous
Region, which contrasts with the real status quo.
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Chapter 4 )
Earth’s Surface Reflection and Local gese
Environment Effects

The rapid development of advanced technologies like satellite communication, navi-
gation, remote sensing, and Non-Geostationary Earth Orbit (Non-GEO) satellite
systems with extensive application in onshore, aerial, and maritime mobile terminals
make it essential for mobile satellite service systems to comprehensively consider
their propagation characteristics, to maintain reliability. Due to the constant variation
in elevation angle and application environment of radio wave propagation path of a
mobile satellite service, the mobile terminal generally uses the wide-beam antenna,
which is capable of receiving the incoming-wave signals from different directions,
including direct signals, reflected signals of ground and sea surface, as well as
reflected and scattering signals of various objects. Furthermore, satellite signals could
also be shadowed by the buildings and trees along the roadsides. For this reason, the
mobile satellite system, unlike the fixed satellite system, must consider the environ-
ment effects, including ground reflection and local environment features, in addition
to the propagation effect of fixed satellite services.

4.1 Overview

The mobile satellite system essentially delivers mobile satellite services, such as
communication and navigation, to terminal users. Theoretically, only 3 GEO satel-
lite systems are capable of acquiring the global coverage, minus the places near
polar regions, through the proper configuration. The Inmarsat system, managed
by International Maritime Satellite Organization (Inmarsat, renamed International
Mobile Satellite Organization) [1], aims to provide communication services for
global maritime, land, and aerial users via the GEO satellite system. The position
of 3rd generation satellite—Inmarsat-3 is shown in Fig. 4.1. Inmarsat-3 is capable
of dynamically allocating the power and frequency owing to the introduction of
a point beam and dual-polarization technique, thereby tremendously boosting the
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Fig. 4.1 Inmarsat-3 satellite position. (Quoted from http://commons.wikimedia.org/wiki/Image:
Satellite_coverage.jpg)

utilization rate of satellite channel resources. Inmarsat group keeps launching new
satellites regularly; 3 Inmarsat-5 satellites operating at the Ka frequency band were
launched in 2013 and 2015.

Large signal attenuation and long propagation delays form the chief disadvantages
of the application of GEO satellites in the mobile satellite business. To evade these
issues, majority of the mobile satellite businesses make use of Low Earth Orbit
(LEO) or Medium Earth Orbit (MEO) satellites, such as Iridium, Global star, GPS,
and BDS, among which, the Iridium satellite system [2], consisting of 66 LEO
communication satellites, delivers mobile communication business worldwide. This
system has 6 orbital planes and 11 satellites are positioned on each plane with an
orbital inclination of 86°, which are polar orbit satellites. The Iridium system is as
shown in Fig. 4.2.

Depending on the location where the mobile ground stations are located, the
global mobile satellite service is divided into maritime mobile satellite service, land
mobile satellite service, and aeronautical mobile satellite service. The environment
where the user terminal is located and how it gets affected by the propagation effects
differently with different mobile satellite businesses. The maritime mobile satellite
service is predominantly affected by sea refection, but land mobile satellite service
experiences heavy impact of local environments, such as surrounding mountains,
plants, and buildings, in addition to ground surface reflection; especially, the signals
of direct wave also undergo shadowing by plants and buildings suffering severe
attenuation.


http://commons.wikimedia.org/wiki/Image
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Fig. 4.2 TIridium spot coverage, iridium satellite, and space constellation [2]

Table 4.1 Fade depth measured in an experiment

Time 0.1 |1 5 10 30 50 90 99 99.9
probability/%

Fade depth/dB | 31 |25.46 |18.97 |8.15 |2.312 |0.1072 | -0.3646 | —1.209 | —2.327

Due to earth’s surface reflection, signals arrive at the receiver from different direc-
tions and along multiple paths causing overlap of the direct wave signal, mirror reflec-
tion signal, and diffuse reflection signal, resulting in multipath fading of the receiving
signal. Moreover, multipath propagation also gives rise to intersymbol interference,
which deteriorates the communication quality drastically. Multipath propagation,
shadowing, and blockage effects of the local environment on the direct-path signal
lead to severe and rapid fading of the receiving signal at the ground station, which
is the principal aspect affecting the performance of a satellite system. The intensity
of signal fading is always characterized by fade depth. Fade depth exceeded for p%
time or distance is defined by the ratio between the direct wave signal level and the
signal level exceeded for (1—p%) time, usually expressed in decibels.

Table 4.1 Provides the measured fade depth in an experiment.

In this chapter, the fading predicting method of multipath and shadowing effects
in maritime, land, and aeronautical mobile satellite services, along with the influence
of rain attenuation on mobile satellite services are mainly discussed.

4.2 Radio Wave Propagation Effects of Maritime Mobile
Satellite Service

The maritime mobile satellite service provides communication and navigation
services for large- and middle-sized ocean vessels, coastal and inland-water small-
sized ships, fishing vessels, yachts, and lifeboats, in addition to naval vessels and
offshore drilling platforms. For a century, the maritime mobile satellite system has
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delivered great assistance for maritime trade and rescue. This mobile satellite service
experiences severe performance degradation due to sea surface reflection and scat-
tering, and such an effect proves more detrimental for wide-beam antennas. The
fading effect due to sea surface reflection and the predicting method of interference
effect between the adjacent satellites are described in this section [3].

4.2.1 Fading Due to Sea Surface Reflection

The user terminal of maritime mobile satellite service is located on the sea, and its
receiving signals are comprised of direct wave signal and sea surface reflection signal,
among which, the reflection signal in turn also contains a mirror reflection component
(coherent component) and diffuse reflection component (incoherent component),
while the synthesized signal amplitude is consistent with Nakagami-Rice distribution
(also referred to as Rice distribution) [4]. The probability density function of Rice
distribution is

X 2+ xXa
P = e 10(55) (4.1

where 20 is the average power of the random vector (W), a? is the power of fixed
vector (W), Iy(.) is a modified Bessel function of the first kind and of zero order. If
the sum of fixed vector power and random vector power is unity 1, that is, a> 4 202
= 1, assuming « is the proportion of random vector in total power, that is, « = 202,
then the Rice distribution curves with « as parameter and 1 as total power are shown
in Fig. 4.3.

The subsequent paragraphs introduce the predicting method of sea surface reflec-
tion fading [3], which can be applied to the condition of 0.8 GHz < f < 8 GHz
of frequency, 5° < 6 < 20° of elevation angle, circular polarization, and 1-3 m of
height of sea waves. Assuming the direct wave signal power is 0 dB, then the average
incoherent power of sea surface reflection wave P, (dB), corresponding to the direct
wave, can be represented as

P,=G+R+n dB (4.2)
where G is the relative antenna gain in mirror reflection direction (dBi), calculated
using Formula (4.3); R is the amplitude of reflection coefficient for circularly polar-
ized wave (dB), calculated using Formula (4.4); », is the standard diffuse reflection

coefficient (dB), obtained from Fig. 4.4.

G = —4 x 107*(10%/1° — 1)(26)* (4.3)

R =201g|Rc]| (4.4)
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Fig. 4.4 Average normalized diffuse reflection coefficients in the frequency range 0.8—-8 GHz [3]

where G,, is the maximum gain of antenna (dB), R, is the Fresnel reflection coefficient
of the sea for circular polarization, which can be defined as

Ry +R
c= % (4.5)
where Ry and Ry are the reflection coefficient of horizontally polarized wave and
vertically polarized wave, respectively, which can be defined as

sind — \/n — cos? 6

Ry = (4.6)

sin@ + /n — cos? 6

sinf — ,/(n — cos?0) /n?
Ry = 4.7
sin6 + ,/(n — cos?0) /n?

where 7 is the complex relative permittivity, n = &,(f) — j60ro (f); &, is the relative
permittivity of sea surface; o is the conductivity of sea surface (S/m) [6]; f is the
frequency (GHz); A is the free-space wave length (m).
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For the condition that power of direct wave signal is 0 dB and average power of
sea surface reflection wave is P,, then the parameter o of Rice distribution can be
represented as

10P,/10

* =T oP0 T 10P/I0 (4.8)

Fade depth exceeded for p% time is calculated using the following formula:
Fy(p) = —[A + 101g(1 + 10"/1%)] (4.9)

where A is the amplitude (dB) read from the ordinate of Fig. 4.3, and the time
probability of A exceeded is (1—p%) in accordance with the definition of the fade
depth.

4.2.2 Prediction of Interference from Adjacent Satellites

In the maritime mobile satellite communication system, the desired signal from
the satellite and the interfering signal from an adjacent satellite undergo independent
signal level fluctuation. In general, interference from an adjacent satellite is predicted
by the calculation of parameters, such as signal-to-noise ratio, signal-to-interference
ratio, and signal-to-interference plus noise ratio. Overall, two types of interferences
from adjacent satellite systems are observed: One is the downlink interference on the
mobile earth station terminal, and the other is the uplink interference on the satellite
terminal, as shown in Fig. 4.5. Another situation is interference between beams in
multi-spot-beam operation, where the same frequency is allocated repeatedly.

The prediction of interference [3, 4] from an adjacent satellite is based on three
assumptions: @ The amplitude of desired signal as well as the interference signal
has the Rice distribution, or the interference signal has the Rayleigh distribution,
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Fig. 4.5 Interference from adjacent satellites [6]. a Downlink interference, b uplink interference



104 4 Earth’s Surface Reflection and Local Environment Effects

while the amplitude variation of these two signals is purely independent. @ Thermal
noise does not vary with time. @ When interference signal and thermal noise occur at
the same time, the equivalent noise power is equal to the sum of interference power
and thermal noise power. Based on the above assumptions, the interference from an
adjacent satellite can be predicted using the following method:

The input parameters can be defined as follows in units of power, not dB.

D—power of direct wave component of desired signal
M—average power of the reflection component of desired signal
N—average power of system noise

Ip—direct wave component power of interference signal
Iyy—average power of reflection component of interference signal
I—average power of interference wave, I = Ip + 1.

All the above parameters adopt linear values of power instead of dB values.
Signal-to-noise ratio [c¢/n] (p) is the ratio of power of the desired signal to system
noise power as an function of time percentage p and is expressed by

[e/nl(p) = 1.)*(p)D/N (4.10)

where 7. is the normalized time percentage dependent factor of desired signal power
having a Rice distribution. Assuming direct wave signal power is 0 dB, then n. can
be expressed as

201gn. = A + 101g((D + M) /D) @11

where A is the amplitude (dB) read from the ordinate of Fig. 4.3, and in the figure
parameter « = M/(D + M) for this case. Signal-to-interference ratio [c/i] (p) is
the ratio of power of the desired signal to power of the interference signal, being
expressed as

[c/i1(p) = (neyi) (PID /150 (4.12)

where 5 is the median value of power variation of the interference signal, that is,
the value of 50% time probability.

Iso = (Tli,so)21 (4.13)

n¢i(p) is the normalized time percentage dependent factor of signal-to-interference
ratio [c/i]:

g = [lgn@] + [lgn100 — p)]° (4.14)

where 7; is the normalized time percentage dependent factor of interference signal
power. The probability density function of 1,;n;50 has a Rice distribution, in which,
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Table 4.2 Relationship between 7; 50, n;, and b

b Im/1p/dB | niso /dB | ; /dB
50% 20% |10% |5% 1% |05% |0.1% |0.01%
0 00 —~159 000 [3.66 |521 |636 822 883 [9.98 |11.25
05 |0 —1.12 000 |3.16 448 |544 703 |7.54 [852 |9.60
06 |—18 —091 |0.00 |2.88 |[4.09 (499 646 695 |7.87 |8.90
07 |-37 —0.68 |0.00 |2.53 |3.62 |443 |578 |622 |7.08 |8.03
08 | —6.0 —045 000 |2.10 |3.03 (372 490 530 |6.07 |6.92
09 |-95 —022 000 |1.52 221 (276 |3.69 400 |4.62 |532
095 | —12.8 —0.11  |000 |1.09 |1.61 [202 274 [299 |[348 |4.02
10 | -0 —0.00 |0.00 000 000 [0.00 000 000 [0.00 |0.00

the total signal power is 0 dB, 201g(n;n;s0) is the amplitude (dB) read from Fig. 4.3,
and parameter o = I /1. n; 50 is the correction factor, 201g 7, so is the value observed
in Fig. 4.3 corresponding to 50% time probability; due to the effect of correction
factor n;s0, n; = 1 when p = 50. If . < 1 and n; > 1, ny; < 1 should be selected,
while n.; > 1 must be selected in other situations. By setting Ip/I = b, then the
relationship between 1; 59, 7;, and b is given in Table 4.2.

[c/(I + n)](p) is the ratio of power of desired signal to power of noise plus
interference signal, being expressed as

Le/ G+ m1(p) = [1/Ie/nlp) + 1/1e/ilp)] (4.15)

When N < —-5dB,M < —-5dB,I < —10dB, and 0.5 < b < 1, the prediction
accuracy of the Formula (4.15) lies within 1 dB, in which, N, M, and I are normalized
with respect to direct wave component D of desired signal, that is, assume D = 1 W
or D =0dB.

4.3 Radio Wave Propagation Effects of Land Mobile
Satellite Service

Land mobile satellite service offers communication, navigation, and other telecom-
munication services to numerous ground users, especially in regions that cannot be
covered by terrestrial mobile communication systems, such as remote country sides,
mountainous areas, and so on. The user terminal of land mobile satellite service
always employs omni-directional receiving antennas, and it is imperative to consider
the severe effects of multipath, shadowing, and blockage produced by the terrain,
buildings, trees, etc., on system performance. Availability of land mobile satellite
service is usually less than the fixed satellite system, because generally the users of
the service are located in more convoluted and changing environment. In general,
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the optimized availability range of system design is between 80 and 90%. The prop-
agation effect of multipath, shadowing, and blockage of land mobile satellite service
and their prediction methods are introduced in this section.

4.3.1 Multipath Model for Line-of-Sight Conditions

In the majority of cases, the mobile terminal has a clear line-of-sight condition with
respect to the satellite. At this point, signal fading caused by the ground multipath still
takes place. A phasor summation of the line-of-sight signal received by the mobile
terminal with the multipath signal resulting in an increase or decrease of the amplitude
of the receiving signal. The multipath fading is closely related to parameters such
as polarization mode and receiving antenna pattern, in addition to cross section and
quantity, and distance from the receiving antenna of the multipath reflectors.

Next, we introduce the multipath propagation prediction model under the moun-
tainous and roadside vegetation environment. The model involved is based on the
measured data; the characteristics of the measured antennas are: The azimuth of
antennas is omni-directional; gain change of 15°-75° of elevation angle is smaller
than 3 dB; antenna gain below the horizon decreases by 10 dB as a minimum.

1. Multipath fading in mountainous environment:

In a mountainous landscape, fade depth distribution caused by multipath can be
expressed as [7, 8]:

p=aA"? (4.16)

In the formula: p is the percentage of distance over which the fading is exceeded
(1% < p% < 10%); A refers to fading value exceeded (dB); a and b denote fitting
parameters, and their values are listed in Table 4.3.

Figure 4.6 provides the cumulative distribution curve of fading at 1.5 GHz and
870 MHz with 30° and 45° of elevation angle of path.

2. Multipath fading in a roadside vegetation environment:

According to various tests and research conducted in the United States, for tree-lined
roads, multipath fading is not sensitive to elevation angle when the elevation angle

Table 4.3 Optimized fitting parameters of the cumulative fading distribution of multipath environ-
ment in a mountainous terrain

Frequency/GHz Elevation angle 30° Elevation angle 45°

A B Range/dB a b Range/dB
0.87 34.52 1.855 2-7 31.64 2.464 2-4
1.5 33.19 1.710 2-8 39.95 2.321 2-5
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Fade depth/dB

Fig. 4.6 Cumulative fading distribution of multipath fading in a mountainous terrain. Curve A-870
MHz, 45° Curve B-1.5 GHz, 45° Curve C-870 MHz, 30° Curve D-1.5 GHz, 30°

of the path is 30° to 60°. Assuming that the shadowing effect of the trees on a direct
wave can be overlooked, the multipath fading caused by the trees can be expressed
as [7]:

p = uexp(—vA) “4.17)

In the formula: p refers to the percentage of distance over which the fading is
exceeded (1% < p% < 50%); A refers to the fading value exceeded (dB); fitting
parameters u and v are listed in Table 4.4.

Figure 4.7 provides 870 MHz and 1.5 GHz cumulative fading distribution curve.

Enhanced fading due to multipath can occur at lower elevation angles (5°-30°)
where forward scattering from relatively smooth rolling terrain can be received from
larger distances.

Table 4.4 Optimized fitting
parameters of the cumulative
multipath fading distribution 0.870 125.6 1.116 1-4.5

of tree-lined roads 15 127.7 0.8573 1-6

Frequency/GHz u v Fading range/dB
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Fig. 4.7 Cumulative fading distribution of multipath fading of tree-lined roads. Curve A-870 MHz;
Curve B-1.5 GHz

4.3.2 Shadowing Effects

1. Shadowing effect of trees:

The empirical prediction model for shadowing effect of trees along the roadside
is obtained based on the measurement results of 870 MHz, 1.6 GHz, and 20 GHz
fading cumulative distribution. While measuring, the vehicle runs in a lane in both
the directions to measure shadowing effect of trees at different elevation angles. The
prediction method of such fading distribution is applicable for highways and rural
roads, with the assumption that the shadowing effect of trees is the primary cause
of fading of satellite signals. This shadowing fading model [7] can be applied to
the condition of 800 MHz-20 GHz frequency, 7°-60° elevation angle, and 1%-80%
distance percentage.

(1) Firstly, use the following formula to calculate the fading distribution at 1.5 GHz
of frequency, 1% < p% < 20% distance percentage, and 20° < 6 < 60° elevation
angle:

Ar(p,0) = —M O)In(p) + N(©) (4.18)

where
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M (9) = 3.44 + 0.09756 — 0.0026> (4.19)

N(6) = —0.4430 + 34.76 (4.20)

(2) In case of 0.8 GHz < f < 20 GHz frequency, 1% < p% < 20% distance
percentage, and 20° < 6 < 60° elevation angle, the fading distribution can be
converted using the following formula:

Vs VF

(3) In case of 0.8 GHz < f < 20 GHz frequency, 20% < p% < 80% distance

percentage, and 20° < 6 < 60° elevation angle, the formula of fading distribution
is as follows:

AP, 0,f) = AL(p, O)exp:1.5|: ! ! ]} 421

1 80
APp.0.f) = An(20%.0.1)— ln<;) (4.22)

Figure 4.8 illustrates the fading values at 1.5 GHz for elevation angle (10° <6 <
60°) and distance percentage (1% < p% < 50%).

When frequency is 1.6 and 2.6 GHz, the roadside tree shadowing model can be
extended to elevation angle 8 > 60° using linear interpolation with the following
procedure. Formulae (4.18) to (4.22) can be used to calculate the fading value of

30
28
26

1%

fading exceeded/dB

0 20 30 40 50 60
Elevation angle of path/®

Fig. 4.8 Relationship between roadside shadow fading and elevation angle at 1.5 GHz



110 4 Earth’s Surface Reflection and Local Environment Effects

Table 4.5 Fading value of

80° clevation angle pl(%) Vegetation shadowing fading
1.6 GHz 2.6 GHz
1 4.1 9.0
5 2.0 52
10 1.5 3.8
15 1.4 3.2
20 1.3 2.8
30 1.2 2.5

60° elevation angle, while obtaining the fading value of 80° elevation angle from
Table 4.5, and setting the fading value of 90° elevation angle to be 0; if elevation
angle is 60° < 6 < 80°, linearly interpolate based on 60° and 80° elevation angle; if
elevation angle is 80° < 6 < 90°, linearly interpolate based on 80° and 90° elevation
angle.

The prediction methods mentioned above are based on the assumption of a fixed
elevation angle. For mobile satellite systems, the elevation angle of the path can be
varied, and the following procedures must be considered to calculate link reliability.

@ Calculate the time probability of each elevation angle or angle scope when the
mobile terminal is located in a line-of-sight range of the satellite;

@ For a given propagation margin (ordinate in Fig. 4.8), get unavailability
probability at each elevation angle; if the antenna of the mobile terminal is
not omni-directional, it is essential to deduct antenna gain from propagation
allowance;

®@ For each elevation angle, multiply the result of procedure ® with the result
of procedure @ and then divide by 100 to determine unavailability probabilities
under this angle;

@ Add all the unavailability probabilities obtained in procedure ® to get the
unavailability of the whole system.

2. Shadowing effect of roadside buildings:

When the mobile user terminal is located on urban roads, the satellite signal gets
shadowed and blocked by the surrounding buildings. For easy modeling of the shad-
owing effect of buildings, the height distribution of buildings can be modeled by a
Rayleigh distribution. Figure 4.9 is the geometric sketch of the shadowing effect of
buildings.

The blocking probability due to the buildings is [7]:

p = 100exp[—(hy — n)?/2h;] Iy > Iy (4.23)
In the formula: A is height of ray above the ground in front of the building; 4 is

Fresnel clearance required above buildings; #; is building height.
Calculation formula of /; and 4, is shown as below:



4.3 Radio Wave Propagation Effects of Land Mobile Satellite Service 111

hh
4
d
road direction
Fig. 4.9 Geometric sketch of the shadowing effect of buildings
hy = h,, + (d,, tan 6/ sin @) 4.24)
hy = Cr(rd,)*? (4.25)

In the formula: £, is the height above ground of mobile station; d,, is distance of
mobile station from the front of the building; 6 is elevation angle (°) of satellite to
horizontal line; ¢ is azimuth angle of ray to street direction (°); Cy is the portion of
required clearance in first Fresnel zone; A is wave length; d, is slope distance from
mobile station to a position along the ray vertically above the front of the building,
being expressed as

d, =d,/(sing - cosH) (4.26)

In Formulae (4.23) to (4.26), the parameters such as hy, hy, hy, by, d;y, d,, and A
are in self-consistent units, and /#; > h,. Note that the Formulae (4.24), (4.25), and
(4.26) are valid under the condition of 0 < 6 < 90° and 0 < ¢ < 180°. Figure 4.10
demonstrates the shadowing effect of roadside buildings calculated using the above
formula with b, = 15 m, h,, = 1.5 m, d,, = 17.5 m, and 1.6 GHz of frequency.

Although this model indicates that no blocking occurs at high path elevation, the
user may still experience occasional shadowing and blockage when passing through
an overpass, a suspended road sign, branches, etc. Additionally, for portable mobile
terminals, propagation would be affected due to the shadowing caused by the head
and the body of the humans.
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Fig. 4.10 Example of shadowing of roadside buildings

4.4 Radio Wave Propagation Effect of Aeronautical Mobile
Satellite Service

The aeronautical mobile satellite service primarily offers communication and navi-
gational services for military and civil aircraft. To ensure air safety, a highly reliable
propagation channel is required. A single flying event of an aircraft includes stages,
such as take-off, cruising, and landing, and the position where the aircraft is located
at each stage is significantly different, therefore, the aeronautical mobile satellite
service must consider the different propagation effects depending on the respec-
tive characteristics. Furthermore, multipath fading due to earth’s surface reflection
is unlike the fading due to other mobile satellite services, since an aircraft’s speed
and height are much greater than any other mobile user platform. As small-sized
antennas are typically used on an aircraft, The performance of antennas is affected
by the dynamic change of the airframe to further induce the propagation effect of
signals. With consideration of air safety, the short-term signal fading cannot be over-
looked. Radio wave propagation effect of aeronautical mobile satellite service under
different environments and its prediction method are introduced in this section.

4.4.1 Fading Due to Sea Surface Reflection

The fading characteristic prediction of aeronautical mobile satellite service is similar
to fading due to sea surface reflection of maritime satellites, and here, it is crucial to
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consider the influence of earth’s curvature since the aircraft flies at a high altitude.
The influence of earth’s curvature increases with an increase in flying altitude.

With fading due to sea surface reflection of aeronautical mobile service, the level
amplitude of synthesized signal also has a Rice distribution, and its probability
density function refers to Formula (4.1). The prediction method of fading [9] due
to sea surface reflection in this section is applicable under the following conditions:
1 GHz < f < 2 GHz of frequency; for circularly polarized wave and horizontally
polarized wave, elevation angle of satellite is & > 3°, and antenna gain is G(1.56) >
—10 dB, for vertical polarization, 8 > 8°; wave height is 1-3 m.

Assuming direct wave signal power is 0 dB, then, the average incoherent power of
sea surface reflection wave P,, corresponding to the direct wave, can be represented
as

P.=G+R+Cy+D dB 4.27)

where G is relative antenna gain (dB) in mirror reflection direction; R is amplitude
(dB) of different polarization reflection coefficient; Cy is the correction factor (dB);
and D is diffusion factor due to earth’s curvature (dB).

Parameters G, R, Cy, and D in Formula (4.27) can be calculated using the following
formula:

G = —4 x 1074(109/10 — 1)(6))*
0; = 0 + (0 + On) /2

4.28
Op =2y + 0 ( )
O = cos ™[R/ (R, + Hy)]
R = 201g|Ri| @29
R;i = Ry, Ry, Rc ’
0 Oy, > T°
Cg = { P = o (430)
(6 —7)/2 60, <7
2 sin g,
D=—10lg| 1+ . 431)
cos Oy sin(yy, + 6;)

where G,, is max gain value (dB) of antenna gain; 6, is the angle (°) deviating from
visual axis; 6, and 6, are grazing angle (°) and line-of-sight angle (°) of mirror
reflection point, respectively; y,, = 7.2 X 1073 H ,/tan 6; R, is the earth’s radius, R,
= 6,371 km; H,, is the antenna height (km).

Fade depth exceeded for p% time is calculated using the following formula:

Fy(p) = —[A+ 101g(1 + 107/1%)] (4.32)

where A is the amplitude (dB) read from the ordinate of Fig. 4.3, and the time
probability A exceeded is (1—p%) in accordance with the definition of fade depth.
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4.4.2 Multipath Model for Aircraft During Approach
and Landing

The aeronautical communication and navigation system should focus on the influence
of multipath propagation with short delay, in particular, at the stages of the aircraft’s
approach and landing, since the availability and reliability of the communication, and
accuracy and integrity of the navigation services are highly significant. It is known
that the reflection of ground and fuselage can produce considerable propagation
effects as well.

The multipath signal received by the aircraft mainly consists of reflected signal
from the structure of the aircraft itself and reflected signal of the ground. When the
antenna is arranged at the top of cockpit, it only produces strong reflection at the
fuselage, rather than the wings; so basically, this reflected signal with a short delay
does not vary with time and dominates the channel. Ground reflection shows very
high time-varying characteristic, and its Doppler frequency shift is relative to the
descent speed of an aircraft.

The multipath model [9] of the aircraft approach and landing can be used for
frequencies between 1 and 3 GHz. The satellite azimuth can vary between 10° and
170°, or 190° and 350°. The elevation angle to the satellite can vary between 10° and
75°. Figure 4.11 demonstrates the model of the complete aeronautical channel during
the aircraft’s approach, which mainly consists of four paths: The first path is line-
of-sight component; the second path is flat fading part of line-of-sight component;
the third path is multipath fading process due to fuselage with 1.5 ns of delay; the
fourth path is terrain echo, whose delay is decided by elevation angle and altitude.
The input parameters of the model include azimuth angle ¢(¢) of satellite, elevation
angle 0(¢) of satellite, and altitude h(z) of the aircraft above the ground. In these, t
represents the time, with each parameter being a function of time.

The model requires the knowledge of the aircraft geometry and flight dynamics.
The model parameters vary with different aircraft types. Next, we consider the
jet aircraft VFW614 (ATTAS, representing small-sized jet aircraft) and airbus
A340 (representing large-sized commercial aircraft) as examples to introduce the
aeronautical channel model, as shown in Table 4.6.

1. Direct path

In addition to the line-of-sight component (path 1), this path is rigorously modulated,
and its amplitude satisfies the Rice distribution. The generation of the fading process
refers to the Formulae (4.33, 4.34, 4.35).

2. Reflection of fuselage

To get the time series of the reflected signal of the fuselage, its power spectrum
density must be known. Time series can be derived by filtering complex Gaussian
white noise, where the corresponding function of the filter is the power spectral
density function that can be calculated using the following formula:
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Fig. 4.11 Model of complete aeronautical channel
Table 4.6 Parameters of channel model
Parameter Delay/ns Relative power/dB | Doppler bandwidth/Hz
Direct path
Mean component | 0 0 0

Fading process (—14.2-mean value) | <0.1

Reflection path of fuselage

Mean component | 1.5 —14.2
(—14.2-mean value) |<0.1

Fading process
Reflection path of ground

Ground reflection | 900-10 —15to —25 <20
(Descent process) (Deviation due to descent speed)

pproc(dB) =bi+b- ebB‘lﬂ (4.33)

where b, and b3 are the coefficients of the exponential process.
In addition to the noise process, the reflected signal of the fuselage also contains
a —14.2 dB mean (DC) component, and constant b, (dB) is defined by the following

formula:

by = —14.2 — mean dB 4.34)

Coefficient mean satisfies the following fourth-order two-dimensional polyno-

mial:
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where mean is
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S

AS]
[*S)

mean(9, ¢) = [6% 036260 1] Apean - | ¢* (4.35)

»—A“Ge

the function of elevation angle e and azimuth angle ¢. A,cqn 1S the
coefficient matrix of a 5 * 5 polynomial. Coefficient b, and b3’s calculation is similar

to mean. For ATTAS, coefficient matrix of mean, b,, and b5 is shown as follows:

Amean,ATTAS =

Ap2 ATTAS =

Ap3 ATTAS =

[ —2.0057e—12 5.0499e—10 —4.6114e—8 1.8053e—6 —2.4773e—5
2.8598e—10 —7.4259¢e—8 7.0553e—6 —2.9116e—4  0.0043

—1.1568e—8 3.2474e—6 —3.3846e—4  0.0156 —0.2698
3.8681e—8 —2.2536e—5  0.0038 —0.2512 6.3140
1.9434e—6 —3.5747e—4  0.0133 0.8133 —28.1329

[ —3.9148e—11 8.8672e—9 —7.0048e—7 2.2069e—5 —2.1492e—4
6.0699¢e—9 —1.3708e—6 1.0784e—4 —0.0034 0.0322

—3.2203e—7 7.2344e—5  —0.0057 0.1747 —1.6206
6.7649¢—6 —0.0015 0.1162 —3.5328 31.6814
| —4.4741e-5 0.0098 —0.7383 21.9981 —142.3524

[ —1.8398e—12 4.2182e—10 —3.3813e—8 1.0855¢—6 —1.0875¢—5
2.6665¢e—10 —6.0897e—8 4.8490e—6 —1.5346e—4  0.0015

—1.2870e—8 29171e—6 —2.2947e—4  0.0071 —0.0629
2.3542e—7 —5.2520e—5  0.0040 —0.1193 0.9153
| —1.2058¢—6 2.5797¢—4  —0.0187 0.5027 —4.1128

For A340, coefficient matrix of mean, b,, and b3z is shown as follows:

Amean,A340 =

Ap2.4340 =

Ap3.A340 =

[ —2.6220e—12 6.0886e—10 —5.0686e—8 1.8074e—6 —2.3633e—5
4.3848e—10 —1.0231e—7 8.6113e—6 —3.1465¢e—4  0.0044

—2.3577e—8 5.5538e—6 —4.7815¢e—4  0.0184 —0.2872
3.9552e—7 —9.2657e—5  0.0082 —0.3431 6.9937
| —1.5225¢e—6 3.3690e—4  —0.0312 1.7110 —32.8066

[ —3.1880e—11 7.2724e—9 —5.8454e—7 1.9069e—5 —1.9707e—4
4.7229e—9 —1.0775e—6 8.676le—5 —0.0028 0.0293

—2.3471e—=7 5.3437e—5  —0.0043 0.1413 —1.4541
4.4756e—6 —0.0010 0.0812 —2.6731 27.5448
| —2.5361le—5 0.0056 —0.4459 14.8917  —109.1083

[ —1.2021e—12 2.7780e—10 —2.2626e—8 7.4413e—7 —7.5120e—6
1.7647e—10 —4.0725¢e—8 3.3131e—6 —1.0855¢e—4  0.0011
—8.6470e—9 1.9871e—6 —1.6099¢e—4  0.0052 —0.0488
1.6123e—7 —3.6656e—5  0.0029 —0.0946 0.8204

| —8.5647e—7 1.8942e—4  —0.0149 0.4826 —5.5011
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Table 4.7 Altitude regions of

the Markov model Altitude classification | Start altitude /m | End altitude /m

High 1000 400
Middle 400 100
Low 100 10

3. Ground reflection

The Doppler frequency shift of ground reflection is relative to the vertical descent
speed V() of the aircraft, and its mean Doppler frequency shift is

Vvert (t)
A

Je () = (4.36)
where X is the wavelength (m).

Under the mean Doppler frequency shift calculated using the Formula (4.36), the
Doppler spectrum of ground reflection can be expressed by the normalized Gaussian
distribution:

1 72
Pg, = Py +201 ( -6262> 4.37
¢ ¢ g U\/2_71 ( )

where P, is the ground reflection power (dB) obtained by Markov model; standard
deviation o = 2.92 (Hz), that can be obtained through tests.

To establish a model of ground reflection [10], the aircraft approach process is
divided into three altitude regions, such as “high,” “middle,” and “low,” based on the
flying height. The ground reflection in each region is described using the Markov
model. The definitions of altitude regions are provided in Table 4.7 and Fig. 4.12.

The receiving power of aircraft is divided into four levels or states, and the output
power of each state is tabulated in Table 4.8 (state 1 does not consider ground
reflection).

The Markov transition probability is obtained by using the measurement data. The
matrix P of conversion probability is defined independently at each altitude region,
where P, , denotes the probability of converting state x to state y. The transition prob-
ability obtained through measurement data of the landing process in the Australian
Graz airport is shown as follows:
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Fig. 4.12 Altitude regions of ground reflection model

Table 4.8 Ground fading

states of the Markov model State Power /dB
1 <25
2 -23
3 -19
4 —15

0.9866 0.0087 0.0047 0
0.6087 0.3043 0.0870 0
0.2143 0.3571 0.4286 0
0.3333 0.3333 0.3334 0
0.9842 0.0130 0.0028 0
Proo_son = 0.6667 0.2222 0.0889 0.0222
0.0667 0.1167 0.5000 0.3166
0 0 0.3279 0.6721
0.9645 0.0310 0.0045 0
Pro_100 = 0.7308 0.1538 0.1154 0
0.6250 0.1250 0.2500 0
0.3333 0.3333 0.3334 0
1000
1000
1000
1000

Po0—1000 =

(4.38)

Po_10=
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In the formula: P,_, refers to transition probability at altitude region (f) > x and
h(t) <y. The frequency of state transition is 25.4 Hz, that is, output power is required
to change 25.4 times in 1 s.

Consequently, the process of ground reflection fading is as shown in Fig. 4.13.
Firstly, define the Markov transition probability matrix P based on flying altitude to
get the output power value, where the transition speed is 25.4 Hz, and the output
power is denoted as P, in Formula (4.37); secondly, calculate Doppler spectrum
using Formula (4.37), the fading time series can be obtained from complex white
Gaussian noise by Doppler filtering; thirdly, get mean Doppler frequency shift using
Formula (4.36) in accordance with the aircraft’s descent speed and wavelength;
finally, multiply these parameters to obtain the fading process of the ground path.

Assume that the terrain near the airport is flat, then it is very easy to calculate the
delay time T',(¢) of the ground reflection path with a function of the elevation angle
of the path:

T (t) = M (4.39)

In the formula: T,(¢) refers to delay time (s) of ground reflection path; c refers to
velocity of light (m/s); h(t) refers to aircraft altitude (m); 0 refers to elevation angle (°).

Mean Doppler

WGN frequency shift
Doppler filter VCOo
Altitude
Ground path
g - fading process
—>®

DD
D D

D D

Fig. 4.13 Fading process of ground path



120 4 Earth’s Surface Reflection and Local Environment Effects

4.5 Analysis of Propagation Effect for Non-GEQO Satellite
Service

Non-GEO satellite communication service has undergone a rapid stride of progress
in the past few decades. For a non-GEO, its path length is variable when it passes
through the ground terminal. The path tends to be longest when the satellite rises and
falls at the horizon line, and is shortest when the satellite passes through the middle
point. Therefore, the statistical characteristics of the elevation angle of the path
must be considered during the propagation prediction process to acquire the proper
propagation margin. Since non-GEO communication service has been extended to the
Ka frequency band and above, itis vital to consider the influence of rain attenuation on
non-GEO links. The complexity of the evaluation of a non-GEO satellite propagation
effect is that the slant path of a satellite is a time-varying parameter instead of a
fixed parameter. Now, we consider an example to illustrate the evaluation process of
non-GEO link propagation effect [11].

Consider one low earth orbit satellite (LEO) in a circular polar orbit at an altitude
of 765 km, and the rising node is at 100° west longitude. Assuming that the satellite
operates at the Ka frequency band, with the user terminal located at 106.6° west
longitude and 32.5° northern latitude, its downlink works at 20 GHz, and its power
margin is set at 74dB available for free-space propagation loss along and other
propagation losses.

Figure 4.14 demonstrates the time-varying curve of the elevation angle of
receiving antennas and free-space propagation loss when the satellite crosses the
terminal a single time. According to the figure, the maximum elevation angle (heavy
line) is about 60°, and the minimum free-space propagation loss (dotted line) is about
59 dB at this point; when the satellite is located at the horizon points, the maximum
free-space propagation loss is 70 dB. The fine line in the figure represents a 74 dB
power margin, whereas the propagation margin is the difference between path loss
and power margin (represented by double-headed arrow in the figure) at this point,
from minimum 4 dB at the horizon point to a maximum 15 dB at the middle point
of the satellite path.

For further considering the propagation margin of gaseous attenuation and rain
attenuation, the analysis must be performed based on propagation margin ranging
from 4 to 15 dB, which was obtained previously. Assuming that the atmosphere is
homogeneous with a water vapor density of 7.5 g/m?, then the gaseous attenuation
[12] only varies with path length. Figure 4.15 illustrates the time-varying curve of
propagation margin (solid line) and gaseous attenuation (dotted line), and at this
moment, we can subtract the gaseous attenuation from the propagation margin to
obtain the rain attenuation margin of the system (represented by the dotted line in
the figure). Rain attenuation margin varies with time and reaches up to 14.7 dB (max
value) at the middle point of the satellite path, but changes to a negative value in the
first and the last 2 min of the process. This is indicative of the occurrence of system
interruption in case of rain at low elevation angles.
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Fig. 4.14 Elevation angle and path loss during single-crossing of LEO satellite (20 GHz of
frequency and at an altitude of 765 km)

Based on the above, the relative reliability of various parts during the communi-
cation of the ground station with the LEO satellite can be evaluated in accordance
with rainfall statistics and rain attenuation forecasting mode of the ground station.

Figure 4.16 provides the annual interruption probability during the communica-
tion between ground station and LEO satellite. Based on the result, the annual prob-
ability of outage of the link (99.99% link availability) is less than 0.01% at minutes
6, 7, and 8 at the mid-point when the satellite is passing, but the link availability is
reduced to less than 99% in the initial and final 2 min. The satellite communication
could be interrupted at 1 min near the horizon points.
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Chapter 5 ®)
Ionospheric Effects e

The ionosphere layer behaves as a diffusedly ionized medium exhibiting signifi-
cant temporal and spatial variability, which is essentially characterized on the scales
of diurnal, seasonal, and 11-year solar periodic variation. Ionosphere is known to
generate a series of propagation effects on radio waves, such as absorption, refraction,
delay, dispersion, polarization rotation, and scintillation, which are strong contrib-
utory factors toward the performance of satellite systems operating at 3 GHz and
below. In this chapter, the characteristics of ionospheric environment and its chief
propagation effects are introduced.

5.1 Ionospheric Characteristics

5.1.1 Overview of the Ionosphere

UV rays and X-rays of the solar radiation ionize the high-level atmosphere partially
forming a weak plasma medium, i.e., the ionosphere at the height of 60-1,000 km.
Extensive temporal and spatial variation of the ionosphere results in propagation
effects of the satellite signals, such as absorption, refraction, delay, and polarization
rotation. The small-scale ionospheric irregularities induce random fluctuations in
the phase/density of the receiving signal and the angle of arrival, giving rise to
scintillation fading of the satellite signals. The performance of navigation, remote
sensing, and communication system is critically influenced by the said propagation
effects.

The free electron concentration in a unit volume of ionosphere, namely, electron
density, acts as the primary determining factor for radio wave propagation. The
variation in composition of the gas and density at different altitudes causes the ionized
solar radiation lines or frequency bands to be distinct as well, giving rise to the
apparent layering feature of the ionosphere. The ionospheric electron density is
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Fig. 5.1 Structural sketch of the layering of ionosphere [1]

distributed vertically, starting from 60 km above ground, and exhibits several peak
values with the increase in altitude, and subsequently portrays a reduction with the
constant increase in altitude. Depending on the heights of the peak value regions of
electron density in the ionosphere, it is usually divided into layer D, layer E, layer
F1, and layer F2, as shown in Fig. 5.1. This figure illustrates the height and diurnal
variation of the ionospheric layers. The ionosphere is significantly characterized by
diurnal variation under the influence of solar radiation. The electron density in layer
D and layer E is relatively low, while that in layer F2 is detectably large. At night, the
electron density is evidently lower than that during the day, and while the ionization
level is minimal in layer D, it is mostly absent in layer F1 at night, making it fade
away.

Main characteristics of the ionospheric layers are shown as follows:

Layer D: 60-90 km, the density is about 103—10'° e/m? during the day and disappears
at night. The neutral atmosphere composition density in layer D is quite large. The
electrons frequently collide with neutral particles to form anions, thereby the ion
density in layer D is higher than electron density.

Layer E: 90-150 km, electron density is about 10°~10'" e/m*. Layer E is relatively
stable.

The height of Layer E electron density peak is always around 110-120 km in
mid-latitude regions but decreases by 10 km in low-latitude regions.

Layer F1: 150-200 km, electron density is about 10'! e/m® and fades away or
merges with layer F2 at night. Its features are similar to layer E, and the diffusion
movement is not very apparent at this height.
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Table 5.1 Physical features of ionospheric layers

Region name Region D Region E Region F1 | Region F2

Region scope 60-90 90-150 150-200 200-500

Height at max ~70 ~110 180-200 ~300

electron density/km

Max electron density | 1031010 109-10! 101! 10111012

Nmax/(e.m?)

Basic features Disappears at night | Electron density is Electron density in layer
higher during the day | F; fades away at night,
and lower at night which usually occurs in

summer season; electron
density in layer F; is
higher during the day
and lower at night

Layer F2: The electron density is about 10''-10'? e/m? ranging from 200 to
500 km, and its peak height fluctuates between 300 and 400 km.

Layer F1 and F2 are collectively referred to as layer F, which is responsible for
the major transmission of radio waves as skywave propagation.

The region above the altitude HMF2 (F2-layer electron-concentration peak),
where the maximum electron density of layer F2 is detected thousands of kilometers
above, is, in its entirety, referred to as top ionosphere or upper ionosphere, and the
region below altitude HMF2 is referred to as bottom ionosphere or lower ionosphere.
In the upper ionosphere region, electron density decreases gradually. The electron
density is about 1012-10'° e/m® at 1,000 km altitude; and the density is about 10" -
10% e/m?® between 2,000 and 3,000 km altitude. The electron density of the upper
ionosphere demonstrates substantial variations with the changing seasons, as well
as with day and night. The height of each layer, extent of electron density, and basic
features of ionosphere are shown in Table 5.1.

5.1.2 Ionospheric Models

Contemporarily, the prevalent ionospheric empirical and semi-empirical models
include IRI (International Reference Ionosphere), CRI (China Reference Iono-
sphere), NeQuick model, and Klobuchar model. Among them, IRI is regarded as
the most effective ionospheric empirical model used extensively at present; CRI
incorporates China’s observation data of ionosphere into the IRI model to make
it more suitable for China; NeQuick-G model, being a rapid computation method
for electron density, is adopted by the Galileo system. The IRI, CRI, and NeQuick
models are introduced in this section.
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1. IRL

IRI, the global standard empirical ionospheric model, has been developed by the
IRI work group in conformity with extensive ground observation data and accumu-
lated ionospheric research achievements, and is funded and endorsed conjointly by
COSPAR (Committee on Space Research) and URSI (International Union of Radio
Science).

IRI divides the ionosphere into six regions, including upper region, layer F,, layer
F,, middle region, peak region, bottom region in layer E, and layer D; the profile
structure is shown in Fig. 5.2. This model integrates several atmospheric parameter
models pertaining to vertical inclinometer, incoherent scatter radars, satellite data,
data of sounding rockets, etc.; it introduces a monthly average parameter of solar
activity and geomagnetic activity index along with determining the monthly average
states of ionosphere ranging between 80 and 2,000 km above a specific location at
a specific time under certain inobtrusive geomagnetic conditions, such as location-
specific electron density, electron temperature, ion temperature, ion composition,
and electron content. IRI has two sets of standby coefficients, namely, CCIR coeffi-
cient established in 1967 and URSI coefficient in 1989, that can project the global
ionosphere morphology more effectively.

= Topside ionosphere!(1)

HMF,
.E F: (2)
2

MF, -
é HME e ‘
= HZ )
< HST|------- _ Mesosphere  (4) — =
|

HEF .
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~-Layer E peak pressure (5) —--

HME f
HOX —— E/D (6)
HMO|[ ™~ |
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NME NMF,
Electron density /l¢/cm "

Fig. 5.2 IRI [2] ®. Width from the bottom of Layer E to the point with equal concentration of
maximum electrons of Layer E
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IRI global model was established in 1957, and it gets updated annually, releasing
anew version each year in accordance with the contemporary research achievements
and observation data. The latest version of the same is IRI2016. Since the year 2000,
the IRI work group has been incorporating the GIM (global ionosphere model) data
and the observation results of several other space radio detection technologies into
the IRI model, to enhance its precision level.

2. CRI

Tonospheric observation data of China is seldom used for the development of the
IRI model, and, hence, the said model is hardly accurate for China. China Research
Institute of Radio Propagation uses the IRI model only as a reference, and employs
the ionospheric observation data obtained in China to formulate the CRI, thereby
enhancing the precision of the model for China efficiently.

Compared to the IRI model, the CRI model exhibits the following improvements:

(1) Adopts fyF, and M (3000) F, data provided in “Ionospheric Prediction for Asia
and Oceania” method.

(2) Collects the occurrence time of layer F; in China, and recommend to consider
that layer F; exists in all seasons in China.

(3) The height of the maximum electron density in layer E is 115 km.

3. NeQuick Model:

@ Explanations for the English abbreviations are as follows:

HZ: Upper boundary of mesosphere.

HST: The height to which the electron-concentration profile in the F; layer is
pushed down to be equal to the maximum electron concentration in the E-layer;
HEF: upper boundary of layer E.

HDX: Specific height of layer D and bottom of layer E.

HA: The starting height of the ionosphere.

HMF2, HMF1, HME, and HMED refer to the heights corresponding to the
maximum electron concentration of layers F,, Fy, E, and D.

ME, HMF2: The maximum electron concentration of layers E and F,.

The NeQuick model is an innovative ionospheric model that is jointly researched
by ARPL-ICTP, Trieste, and IGAM, University of Graz. This model can provide
spatial and temporal distribution of electron density of the ionosphere completely
from bottom to top, and maximum output height of the model is up to 20,000 km.
Basic output parameters of the model are longitude and latitude, height, time, solar
activity level (solar radiation flux or sunspot number, SSN) of a station, electron
density under certain given conditions, and total electron content of the vertical
ionosphere above this station. Additionally, the NeQuick model also offers a compu-
tation method to calculate the electron content of the ionosphere in the vertical path,
between any two points.
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Fig. 5.3 Profile of typical electron density height in low solar activity year (2007, (a)) and high
solar activity year (2013, (b))

Using the NeQuick model, Fig. 5.3 illustrates the electron density profile of two
typical moments (05:00LT® and 13:00LT) in spring, summer, autumn, and winter
for a low solar activity year (2007) and a high solar activity year (2013) in Beijing
at mid-latitude.

5.1.3 Ionospheric Total Electron Content (TEC)

Total Electron Content (TEC) is the integration result of electron density “Ne” along
the radio wave propagation path “s,” that is, the number of electrons contained in
the column per unit area across the bottom of the whole ionosphere along the radio
wave propagation path, and forms an important parameter of the ionosphere:

TEC = /Ng(s) ds 5.1

In the formula: The unit of TEC is TECU, ITECU = 1 x 10'® e/m*>. When a
radio wave signal travels along the zenith direction, the electron content on this path
is called as Vertical Total Electron Content (VTEC).

@® LT is the abbreviation of Local Time.

According to existing studies, Bottom Electron Content (BEC) accounts for about
20-40% of VTEC, while Upper Electron Content accounts for about 60—80% of the
same. The electron content at different altitudes is listed in Table 5.2.
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Table 5.2 Percentage of .
clectron content at different Altitude scope Percentage of VTEC/(%)
altitudes Bottom electron content 2040
Upper electron content 60-80
Below 1,000 km 80-90
Above 1,000 km 10-20
Above 2,000 km 5-10
TEC(TECU)
60 60 110
50 50 ;‘:’
40 40
3 L »
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Longitude (%) Longitude /{*)
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Fig. 5.4 VTEC distribution in low and high solar activity year in China and surrounding regions.
a 2007 (low); b 2013 (high)

Calculation of VTEC’s distribution in China and surrounding regions at 13:00LT
in low solar activity year (2007) and high solar activity year (2013) using the NeQuick
model is shown in Fig. 5.4. According to the figure, VTEC is higher at both the sides
of the equator, and lower above the equator, showing a double-hump structure.

We can adopt GNSS’s (Global Navigation Satellite Systems) observation data to
inverse the VTEC outcome. Figure 5.5 demonstrates the inversion result of VTEC
for 3 consecutive days for a low (2007) and high solar activity year (2013) in Beijing.
According to the figure, VTEC recorded in the year of high solar activity is much
larger than in low solar activity year, and is significantly characterized by diurnal
variation, thatis, the VTEC is lowest between 04:00 and 05:00LT, and largest between
14:00 and 16:00LT.

Using the NeQuick Model, Fig. 5.6 demonstrates the change of TEC with elevation
angle of satellite-ground links in the morning (05:00LT) and afternoon (13:00LT) in
summer (June) and autumn (September) for low solar activity year (2007) and high
solar activity year (2013), at an altitude of 1,000 km.

According to the above analysis:
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(1) TEC is relative to solar activity level, and TEC in high solar activity year is
larger than in low solar activity year.

(2) TEC is significantly characterized by the regions evaluated. In view of the
geographical latitude, TEC at low latitudes is larger than that at middle and

TECTECU

5 lonospheric Effects

—— Fiieh solar actvily year
e LOW s0lar activity year

8

16 0

(a)

high latitudes under identical conditions.

(3) TEC exhibits evident daily variation or diurnal characteristics, and it is higher

during the day than at night.

(4) TEC is relative to radio wave propagation path. The lower the elevation angle,

the larger the TEC.

(b)
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Furthermore, TEC is also affected by seasonal change. It is higher in spring and
autumn seasons and lowest in summer. Occasionally, huge irregularities are also
found in the variation manner of TEC.

Using GNSS measurement data, Fig. 5.7 provides Beijing TEC change rate at
08:00LT (Fig. 5.7a) and secondary change rate (Fig. 5.7b), in which the primary
change rate is about 0.01TEC/s. The maximum change rate observed by the satellite
crossing aurora zone with orbital altitude of 22,000 km is about 0.7TEC/s.

5.1.4 Ionospheric Irregularities

In addition to the typical layering structure, as shown in Fig. 5.1, certain “cloud-
shaped” or “wave-shaped” structures are at times seen forming in the ionosphere
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Fig. 5.8 Ionospheric irregularities observed by incoherent scatter radar [3]

due to the irregularity in electron density, known as ionospheric irregularities. The
electron density of ionospheric irregularities may be lower than or higher than the
average electron density of the ionosphere, and the maximum relative change of
electron density is usually only a few percent, but can reach up to 10-100% in
extreme cases.

The common ionospheric irregularities primarily entail traveling ionospheric
disturbance (TID), sporadic E-layer (Es-layer), and Spread-F. The spatial scale range
of ionospheric irregularities shows a massive variation ranging from thousands of
kilometers to dozens of centimeters, triggering a rapid and random fluctuation of
phase, amplitude, and polarization of signals crossing ionosphere, which can result
in severe scintillation fading of satellite signals. Figure 5.8 provides the ionospheric
irregularities observed by an incoherent scatter radar.

Sporadic E-layer (Layer Es) is a prevalent irregularity found in layer E. Figure 5.9
provides a profile of electron density of the two events of sporadic E-layer observed
by incoherent scatter radar. According to the figure, electron density of sporadic E-
layer is much larger than that of the background altitude, and, at times, even larger
than that of layer F.

Spread-F is a common irregularity found in layer F. Figure 5.10 illustrates the
ionogram given by an ionosonde of a vertical inclinometer in normal and spread-F
events. As seen in the figure, F echoes clearly when the ionosphere is in normal state,
so that the echoes of ordinary wave (O-wave) and extraordinary wave (X-wave) can
be seen more evidently, and all appear in the form of a line; when spread-F occurs,
echo of layer F is not a line but is dispersed. This is attributable to the scattering
effect of ionospheric irregularities on the signals, such that the echo pulse reflected
by layer F is wider than the transmission pulse and could be even 10 times wider in
extreme cases.
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Fig. 5.9 Sporadic E-layer event observed by Arecibo incoherent scatter radar [4]

Fig. 5.10 Ionospheric tracing observed by ionosonde [5]. a Ionospheric tracing in normal condition;
b ionospheric tracing of Spread-F

5.2 Background Ionospheric Propagation Effects

Background ionosphere refers to the silent ionospheric state, devoid of the iono-
spheric disturbance. Ionosphere is a kind of dispersive plasma, in which the refrac-
tive index varies with frequencies, such that the radio waves propagating at different
frequencies travel at different speeds resulting in the widening of the transmission
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pulse. At the same time, the layering attribute of the ionosphere also induces refrac-
tion and multipath propagation effect of the radio waves. The magnetic field of the
earth makes the ionosphere anisotropic, and the incident wave is divided into ordinary
wave (O-wave) and extraordinary wave (X-wave), bringing about Faraday’s rotation
effect. Moreover, the refractive index of the ionosphere is less than 1, and, hence,
its group velocity tends to be smaller than the velocity of light when a radio wave
propagates in the ionosphere, and the phase lead and delay effect are put into motion
if the phase velocity is larger than the velocity of light. Consequently, the background
ionosphere could trigger propagation effects, such as absorption, phase shift, delay,
dispersion, polarization rotation, refraction, and multipath, thereby influencing the
performance of a satellite system in numerous ways.

5.2.1 Ionospheric Refractive Index

When a radio wave propagates in the ionosphere, the refractive index is described
using the Appleton-Hartree equation:

2 X
m=1— (5.2)
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In the formula: £, refers to plasma frequency (Hz) and f refers to frequency (Hz);
N, denotes electron density (e/m?®); e refers to electronic charge (1.60217733 x
1071 C); m represents electron mass (9.1093897 x 107! kg); &, refers to free-space
dielectric constant (8.854 x 10~'? F/m); 6 refers to angle of geomagnetic field to
propagation wave (rad); Hy refers to strength of geomagnetic field (A/m); fy refers
to electron cyclotron frequency (Hz); w refers to free-space magnetic conductivity
(1.256637 x 1077 H/m); and v, denotes electron collision frequency (Hz).

When there is applied magnetic field, the plasma is magnetized. The magnetized
plasma is a birefringent medium, which is also known as anisotropic medium. In



5.2 Background Ionospheric Propagation Effects 137

Formula (5.2), “+” and “L” represent ordinary wave (O-wave) and extraordinary
wave (X-wave).

According to the Appleton-Hartree formula, the ionosphere possesses the
following characteristics due to the geomagnetic field influence:

(1) Dispersion: Refractive index is the function of frequency, causing the group
velocity of a radio wave to be unequal to phase velocity.

(2) Absorption: Refractive index is a complex number with a real and an imaginary
part. The imaginary part corresponds to the absorption of the ionosphere, and
absorption is always dissipated; hence, the energy is converted into heat energy
by collision and remains conserved during the propagation process.

(3) Birefringence: Due to the existence of a geomagnetic field and free electrons,
the refractive index attains different values, and this characteristic indicates that
a radio wave has two possible propagation paths, each of which possesses a
different phase velocity and group velocity.

(4) Anisotropy: Refractive index also serves as the function of background magnetic
field. Under the influence of background magnetic field, refractive indices
exhibit anisotropy because they vary differently in the different propagation
directions.

In the above VHF frequency case, X << 1, Formula (5.2) can be simplified to

X N,
n,R1——=~1-403— (5.3)
2 f?
The refractive index of phase propagation n, and of group propagation n, of a
radio wave in the ionosphere satisfies n, = n, + f % and thus,
Lo ya0s
No ~ — = 33—
o, f? (5.4)

5.2.2 Group Delay

The ionosphere behaves as a dispersive non-linear medium. Radio waves propagating
at different frequencies experience diverse refractive indices, such that the propaga-
tion velocity of wave packet energy (group velocity v,) is smaller than the velocity
of light, but the propagation velocity of carrier phase (phase velocity v,) is greater
than the velocity of light. Phase velocity and group velocity can be represented as
follows, respectively:

vy = — (5.5)
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C
ve=— (5.6)

g
In the formula: n, refers to phase refractive index, as shown in Formula (5.3); n,
refers to group refractive index, as shown in Formula (5.4).
When radio waves of a satellite system propagate within the ionosphere, the
waves propagate at group velocity v, and the geometric distance p from the satellite
to ground is as follows:

N, 40.3 40.3
p:/vgdt:/c<l—40.3ﬁ>dt:c- t——/N ds—P——/N ds

At At
5.7

In the formula: f refers to frequency (Hz), c refers to velocity of light (2.99792458
x 10% m/s), and P refers to pseudorange (m), which is the product of propagation
time Ar and velocity of light c.

The distance delay of a radio wave signal caused by the ionospheric parameters
is the difference between pseudorange P and geometric distance p:

40 3 40.3
/N ds = —TEC (5.8)

Correspondingly, the propagation delay is

Al 403 40 3
Ar =2 / N,ds = —>TEC (5.9)
¢ of?

In the formula: At is the time delay (s), f is frequency (Hz), and TEC is in e/m?.

When the TEC value in the ionosphere is different, the time delay At varies with
respect to frequency f, as shown in Fig. 5.11.

For the 1.6 GHz radio signal, when TEC changes from 1TECU (10'¢ e/m?) to
1000TECU (10'° e/m?), time delay At ranges between 0.5 and 500 ns. Figure 5.12
portrays the distribution of annual average value of percentage of global day-time
delay exceeding 20 ns in high solar activity year (sunspot SSN = 140), with frequency
of 1.6 GHz.

5.2.3 Phase Advance

Due to the phase refractive index of the ionosphere being less than 1, the radio wave
propagates with phase velocity v,, which is greater than the velocity of light, to
generate a phase advance Al, (m).
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403
= /N ds (5.10)

Phase advance Al, (m) due to the ionosphere is

40.3
Ap = |Al | = 2n7TEC (5.11)

In the formula: f refers to frequency (Hz), X refers to wavelength (m), ¢ refers to
velocity of light (m/s), and TEC refers to the total electron content (e/m?).

5.2.4 Refraction

The refractive effect occurring due to tropospheric atmosphere is introduced in
Sect. 2.1. Likewise, the ionosphere is also capable of generating this effect due to
the presence of ionized particles, and its calculation method is identical to that given
in Sect. 2.1, while the refractive index is simply transformed into group refractive
index in this case.

When a radio signal passes through the ionosphere, the propagation path bends
and the group velocity of radio wave appears smaller than the free-space velocity of
light, resulting in the delay of signal and the refraction error. Unlike the troposphere,
the ionosphere is a dispersive medium, and the refraction varies with the signals
of different frequencies. Figure 5.13 illustrates the refraction error of ionospheric
distance and elevation angle refraction in UHF frequency band (500 MHz) in Beijing.
According to this figure, the error of distance at a low elevation angle can measure
up to a scale of several hundred meters, while the error of elevation angle can be up
to a scale of milliradians, or even larger at times.

When the frequency of a radio signal is at S band (2—4 GHz), the refraction error
caused by the ionosphere is significantly low. Figure 5.14 demonstrates the refraction
error of distance and elevation angle during the propagation of 2.5 GHz radio wave
in the ionosphere. According to the figure, the refraction error of distance is of meter
grade, while the refraction error of elevation angle is usually smaller than 0.5 mrad.

Figures 5.15, 5.16, 5.17 and 5.18 provide refraction errors (including refraction
error due to the troposphere and ionosphere) caused by typical elevation angles (3°,
5°,10°, 15°, 20°, 30°, 60°) in low solar activity year (2007) and high solar activity
year (2013) at 01:00LT (a) and 13:00LT (b) at UHF frequency band (500 MHz) in
Beijing, and the target altitude is 1,000 km.

Based on the above analysis, the refraction of the ionosphere exhibits the following
characteristics:

(1) The ionosphere is a dispersive medium; hence, its refraction effect is relative
to frequency. The lower the signal frequency, the larger is the refraction error.
For UHF frequency band, the refraction error of distance due to low elevation
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angle can measure up to a scale of hundreds of meters, and error of elevation

angle can be up to milliradian scale.

(2) Therefraction error due to ionosphere is relative to solar activity and geographic
position and is highlighted by apparent diurnal variation.

Essentially, the refraction error of distance exhibits identical variation features as
TEC and is significantly highlighted by seasons and regions under the influence of

solar activity.
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5.2.5 Dispersion

Since the refractive index is frequency dependent, propagation delay also tends to be
frequency dependent for the radio wave propagation in the ionosphere, due to which,
different frequency components of the pulse spectrum possess different propagation
delays. Therefore, the receiving pulse signal gets distorted owing to such dispersion
effect, and can severely compromise the performance of a broadband system; for
example, the imaging resolution of a wide-band imaging radar reduces considerably
due to such a distortion.

Delay dispersion typically refers to change of rate of frequency corresponding to
delay, that is,
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dt 2.68 x 1077

df IE TEC

(5.12)

In the formula: 5—; refers to delay dispersion (s/Hz), f refers to frequency (Hz),
and TEC refers to total electron content (e/m?).

When signal frequency is 0.1-10 GHz, pulse widths are recorded to be 0.01, 0.1,
1, and 10 ps; when TEC is 5S0TECU (50 x 10'® e/m?), delay dispersion due to the
ionosphere is as shown in Fig. 5.19. Thus, when the pulse width of signal 7 is 1 ws,
delay dispersion is 0.017 ps in case of 200 MHz of frequency and delay dispersion is
0.00062 s in case of 600 MHz of frequency. It can be observed that delay dispersion
effect produces a substantial impact on the broadband transmission system operating
at VHF and UHF bands.
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Phase dispersion ’;7‘” (rad/Hz) due to ionosphere is as follows:
d 40.3 8.44 x 1077
Y 0 2rEc =227 7pC (5.13)
df of ? f?

In the formula: f refers to frequency (Hz) and c refers to velocity of light (m/s).

Second-order phase dispersion ‘fifif (rad/Hz) is as follows:

16.88
13

2 _
e _ d( 8.44 % 1077 (5.14)
f72

7 X 10—7> Jdf = —
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5.2.6 Faraday Rotation

Existence of earth’s geomagnetic field makes the ionosphere an anisotropic medium.
After a linearly polarized radio wave arrives into the ionosphere, it is split into ordi-
nary wave (O-wave) and extraordinary wave (X-wave) possessing different wave
vectors and phase velocities. These two waves are then elliptically polarized in
opposite polarization rotation direction. The higher the frequency, the more circu-
larly polarized the two elliptical polarization components. Since the two components
possess different propagation speeds, a linearly polarized wave is reconstructed after
propagating through a certain distance in the ionosphere, and it is rotated in the vector
direction by a certain angle with respect to wave vector of the incident waves, which
is called as Faraday rotation effect or magneto-optic Faraday effect.

For VHF frequency band and above, the Faraday rotation angle 2 (rad) due to
the ionosphere is

K,
Q= f—Z/NeBLdl (5.15)

In the formula: constant K; = 2.36 x 10%, f refers to frequency (Hz), N, refers to
electron density (m~?), By refers to strength of geomagnetic induction (T) parallel to
propagation direction, By refers to average geomagnetic field strength (T) parallel
to propagation direction, and is also called as Faraday geomagnetic factor.

When receiving the radio waves from a geostationary satellite at middle and low
latitudes, the value of B;r often is

Brr = B(h) cos ¢(h) |p=h,=420km (5.16)

In the formula: 4, refers to average altitude of ionosphere, being 420 km generally;
B(h) refers to geomagnetic induction strength at £, altitude in the propagation path;
and @(h) refers to an angle of ray propagation path at 4, altitude to local field
direction.

The Faraday rotation angle 2 can be represented as

2.36 x 10*B
Q= % /Ne dl (5.17)

Therefore, Faraday rotation angle €2 is relative with radio frequency f, average
geomagnetic field strength along integration path BLF, and total electron content
along propagation path TEC.

For a radio wave in 0.1-10 GHz frequency band, when TEC changes between 1
TECU (10'¢ e/m?) and 1000TECU (10'® e/m?), the Faraday rotation angle 2 due to
the presence of ionosphere is shown in Fig. 5.20.

For a linear antenna, the cross-polarization discrimination (XPD) due to Faraday
rotation can be calculated using the following formula:
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XPD = —20log(tan §2) (5.18)
Polarization loss P, (dB) can be represented as
P, = —201log(cos 2) (5.19)

5.2.7 Doppler Effect

The change of frequency for one-way Doppler shift due to the ionosphere is

1 d(Ap) 40.3 dTEC
Afy = — =— 5.20
L of dr (5.20)
In the formula: Af,; refers to Doppler frequency shift (Hz), f refers to frequency
(Hz), c refers to velocity of light (m/s), and TEC refers to total electron content (e/
m?).
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Excluding the ionosphere, the Doppler frequency shift for propagation signals of
satellite-ground links is only dependent on the component of speed of transmitter (or
receiver) along the ray’s direction.

When the ionosphere is in an inactive state, % is very small (with an average
of 0.2TECU/s, see Sect. 5.2.1), but during intense ionospheric activity, TEC changes
rapidly with a sharp increase in the Doppler frequency shift. For a GNSS system,
when Doppler frequency shift increases (for example, Af; > 1 Hz), the phase-locked
loop of GNSS receiver fails to locate the phase of GNSS signal, which results in

locking failure.

5.2.8 Absorption

For 30 MHz radio waves and above, the absorption occurring in the ionosphere is
directly proportional to (sec i)/f2, where “i” refers to the zenith angle of propaga-
tion path and “f” refers to the frequency considered. At equatorial and low-latitude
regions, with respect to 70 MHz and above systems, the absorption taking place is
too minute to be observed.

According to the trial and measurement, the absorption of 30 MHz radio signal
is generally around 0.2-0.5 dB at middle-latitude regions when it vertically passes
through the ionosphere a single time. The ionospheric absorption increases signifi-
cantly and can reach up to 5 dB during the solar flare period. Absorption enhancement
phenomena generally occur at high-latitude regions, such as auroral absorption and
polar-cap absorption. They appear randomly and vary in durations, and their spatial
and temporal distribution characteristic is determined by the observation test.

At polar regions, the neutral atmosphere of region D and region E is ionized due to
the presence of sedimented high-energy electrons bringing about a surge in electron
density. When a radio signal passes through the ionosphere, the electron movement
is induced by the field vector of the wave, and each electron collides with other
particles leading to attenuation of the radio wave amplitude, which is regarded as
auroral absorption of the ionosphere. The auroral absorption typically occurs between
10° and 20° positioned centrally on the latitude having the highest probability of
occurrence of visible auroras, which is manifested as a series of sporadic absorption
with relatively short duration (from several minutes to hours, with an average of
30 min), and shows a smooth rapid rise and gradual descend for absorption at night.

Polar cap absorption occurs at a region having geomagnetic latitude larger than
64°, with relatively small probability of occurrence. This absorption always occurs
in peak solar activity year, 10 times to 12 times annually, lasting several days each
time. The occurrence of polar-cap absorption is always accompanied by discrete
solar activity and can be observed at sunward polar-cap regions. Such an absorption
naturally shows a reduced activity at night.

The auroral absorption and polar-cap absorption are inversely proportional to the
square of radio frequency involved. Table 5.3 provides the typical auroral absorption
of 127 MHz radio wave in accordance with ITU-RP.531 Recommendation.
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Table 5.3 Auroral absorption of 127 MHz radio wave [6]

Time percentage/(%) Elevation angle
5° 20°
0.1 1.5 29
0.9 1.7
2 0.7 14
0.6 1.1
20 0.2 0.4

In summary, being a dispersive medium, the ionosphere affects the radio signals
at different frequencies differently, with various parameters coming into play, such
as time delay, phase advance, refraction, dispersion, Faraday rotation, Doppler
frequency shift, and absorption. Furthermore, the angle of arrival of the receiving
signal also varies to a certain extent. Table 5.4 provides the analysis of ionospheric
propagation effects for 0.1-10 GHz radio waves, and it corresponds to the single-way
path with 30° elevation angle, and TEC value of about 100TECU (10'® e/m?).

Table 5.4 Analysis of ionospheric propagation [7]

Effect Frequency |0.1GHz |0.25GHz |0.5GHz |1GHz |3GHz |10GHz
relation

Time delay | {2 25 4 1 0.25 0.028 0.0025

(ns)

Refraction | f~2 <l1° <0.16° <4 <0.6/ <0.4” <0.36”

Change of |2 20/ 3.2 48" 12" 1.33” 0.12”

angle of

arrival

Faraday 2 30 cycles | 4.8 cycles |1.2 108° 12° 1.1°

rotation cycles

Absorption | f~2 5 0.8 0.2 0.05 0.006 0.0005

(aurora or

polar cap)

(dB)

Absorption | f~2 <1 <0.16 <0.04 <0.01 |<0.001 |<0.0001

(middle

latitude)

(dB)

Time-delay |3 400 ps/ |26 ps/kHz | 3.2 ps/ 0.4 ps/ |14.5ts/ | 0.4 ts/kHz

dispersion kHz kHz kHz kHz
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5.3 Ionospheric Scintillation

5.3.1 Ionospheric Scintillation Characteristics

1. Overview:

Inhomogeneity of electron density in the ionosphere can induce random fluctuations
in dielectric constants and refractive indices. When a radio wave propagates in such
an unsystematic medium, the propagation path and delay also vary randomly, and the
signals arriving from different paths undergo interference at the receiving antenna,
eventually effectuating rapid fluctuations of amplitude and phase of the receiving
signal, which is also known as ionospheric scintillation. Figure 5.21 illustrates the
ionospheric scintillation on GPS L1, (1575.42 MHz) and L, (1227.6 MHz) signal. It
can be observed that the radio signal appears as a stable curve before the occurrence
of ionospheric scintillation, while the receiving signal fluctuates rapidly during the
scintillation event (21:00-22:30 UT).

Tonospheric scintillation is caused by ionospheric irregularities, which are the
small-scale disturbances generally occurring in layer F at an altitude of 250—-400 km.
These irregularities emerge from the instability of signals at the receiver terminal
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Fig. 5.21 Example of ionospheric scintillation
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through forward scattering and diffraction of radio waves, triggering rapid fluctua-
tions of amplitude, phase, and angle of arrival, and also changing their correlation at
the same time.

The ionospheric scintillation may affect the radio signals in wider frequency
bands, especially signals below 3 GHz.

In fact, the occurrence of ionospheric scintillation is observed in all the trials until
the frequency reaches up to 10 GHz. Ionospheric scintillation greatly compromises
the quality of satellite communication, and a strong scintillation event could even
cause critical interruption of satellite signals in some frequency bands.

2. Index of ionospheric scintillation:

The index of ionospheric scintillation Sy, used to describe the strength of ionospheric
scintillation, refers to the ratio of standard deviation of receiving power to average
receiving power within a certain interval:

1

2\ 2\ 2
Sy = (M> (5.21)

(1)?

In the formula: “I” refers to signal intensity and symbol < > refers to statistical
average.

According to the amplitude of scintillation index Sy, the scintillation is divided into
no scintillation (S4 < 0.1), weak scintillation (0.1 < S4 < 0.3), moderate scintillation
(0.3 < §4 <0.6), and strong scintillation (S4 > 0.6).

3. Relationship between scintillation index and elevation angle:

For weak scintillation and moderate scintillation, the scintillation index Sy is directly
proportional to the cosecant value of elevation angle e of earth-space links; when
elevation angle of earth-space links is 20° < a < 90°, S4 o csc(a); when elevation
angle of earth-space links is a <20°, S4 o csca(i), the range of ¢ is I/2 < @ < 1.

4. Relationship between scintillation index and longitude:

Index of ionospheric scintillation Sy is season and longitude dependent, and can be
represented as

Sy o exp (%) (5.22)

In the formula: angle g refers to the angle of magnetic longitude of earth-space
links and ionosphere pierce point (IPP) to magnetic longitude of the sun at sunset,
H = 350 km; weighted value W is the geographic position that is station dependent,
and it varies greatly for different regions and for each day in a year.

Figure 5.22 illustrates the change of W for an observed day of a year in three
different stations, including Kwajalein (9°5/N, 167°20'E), Hong Kong (22°16'N,
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Fig. 5.22 Seasonal weighting function of stations at different latitudes [6]

114°9'E), and Tangua (22°44’S, 42°43'W). The curve of W for Hong Kong can
be used as reference data for low-latitude regions in China. This curve can be
approximately represented as

W = 0.71 4 0.29 sin[2(t — 34) x 1%] (5.23)

In the formula: ¢ refers to observed day of the year; average of W is 0.71, it is
strong at the spring and autumn equinox, and weak at summer and winter solstice.

5. Relationship between scintillation index and frequency:

Scintillation index S, is radio frequency dependent. The index S4 for weak and
moderate scintillation indisputably relates to =¥ and can be around 1.5 for most of
the frequencies. For strong scintillation, the factor observed by trial is reduced due to
the influence of repetitive strong scattering. When S is approaching 1, the amplitude
abides by Rayleigh distribution.

Figure 5.23 provides the indexes of 150 MHz (dotted line) and 400 MHz (dashed
line) ionospheric scintillation observed at Kiruna (a), Lulea (b), and Kokkola (c)
station by receiving the beacon signal of LEO satellite Tsykada during ionospheric
disturbance on October 30, 2003. It can be observed that the scintillation index Sy
may exceed 1 and is up to 1.5 in case of occurrence of strong scintillation, and even
much larger at times.

6. Spatial and temporal distributions of ionospheric scintillation:
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Fig. 5.23 VHF and UHF scintillation index S4 observed at a Kiruna Station, b Lulea Station, and
¢ Kokkola Station

According to long-term observation and statistical analysis, ionospheric scintillation
is characterized by

(1) The occurrence time of ionospheric scintillation is largely affected by external
factors, such as solar activity. By and large, the scintillation occurs 1 h after
sunset or late in the evening, often between 19:00 and 06:00.

Tonospheric scintillation in high solar activity year is stronger and more frequent
than in low solar activity year and is often much stronger in spring (March to
April) and autumn (September to October) of high solar activity year.

In terms of the geographic position, scintillation always occurs near the equator
(within £20° of geomagnetic latitude), followed by the high-latitude regions,
such as aurora zone and polar-cap zone. Ionospheric scintillation only occurs
under abnormalities, such as geomagnetic storm, and is less likely to occur or
is quite weak at middle-latitude regions.

@)

3

7. Tonospheric scintillation model:

The global ionospheric scintillation model (GISM) has been developed by the Euro-
pean Space Agency and adopted by ITU-R. This model consists of two parts. The
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first part comprises the NeQuick background ionosphere model, in which the elec-
tron density in the ionosphere is first calculated, and then the fluctuation of electron
density is obtained by using the solution of ray difference equation. The second part
contains Multi-Phase Screen (MPS) technology. Herein, radio wave propagation path
can be determined by obtaining electron density and dividing the disturbed propa-
gation medium into several continuous phase screens with clear statistical features
using MPS technology, and then finally deriving the index of ionospheric scintil-
lation of earth-space links by adopting the solution of corresponding radio wave
propagation equation.

For a satellite system, ionospheric scintillation is relative to satellite and position of
ground station, solar activity, geomagnetic activity, local time, and frequency. GISM
can predict the scintillation index, amplitude fading depth, and root-mean-square
value of phase and angle deviation. The default value of chief internal parameters of
the model is as follows:

(1) Slope of intensity spectrum, k = 3.
(2) Average scale of irregularities, Ly = 500 km.
(3) Standard deviation of electron density fluctuation, oy, = 0.2.

5.3.2 Scintillation Amplitude Distribution and Spectrum
Characteristics

In a certain ionospheric scintillation event, the signal amplitude distribution can
be described approximately by Nakagami probability density function. The relative
signal density I (with respect to frequency carrying power of average power), that
is, normalized average power abides by Nakagami distribution, and its probability
density function is expressed as

1) = 2 exp(—mi) (5.24)

In the formula: coefficient m of Nakagami distribution is scintillation index S4
dependent:

m=1/S3 (5.25)

The probability of receiving the signal with density below the given threshold can
be represented as

I I'(m, ml)
P() = dx = —= 5.26
) fo p(x) dx TGm) (5.26)

In the formula: I"(m) is complete gamma function and I"(m, ml) is incomplete
gamma function, which can be defined as
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['(m) = / Doxm—' exp(—x)dx (5.27)
0

1
C(m, ml) = / (mx)™ ! exp(—mx)d (mx)
0
ml
= / Y~ exp(—y)dy (5.28)
0

The percentage of receiving the signal with density above or below the given
threshold in an ionospheric scintillation event can be calculated in accordance with
Formula (5.26). For example, the time probability of signal x lower than average
value is P (10 — X/10) and time probability of signal y higher than average value is
1 — P (10y/10).

According to extensive observation results, the power spectrum density of iono-
spheric scintillation varies between £~ and f~!, and the typical power spectrum
density is shown in Fig. 5.24.

In the figure, A refers to relative power spectrum density of radio signal 30 min
prior to the scintillation event; B refers to relative power spectrum density of radio
signal at the time of occurrence of the scintillation event; and C, D, E, and F refer to
relative power spectrum density of signal 1 h, 2 h, 3 h, and 4 h after the scintillation
event.

For practical application, the power spectrum density varies with frequency and
can be taken as f=3, if there is no effective measurement result available.

5.3.3 Statistics Characteristics of Ionospheric Scintillation

While designing a satellite communication system, it is crucial to consider statis-
tical characteristics of scintillation effects together with the influence of a single
scintillation event on the system.

1. Scintillation peak-peak fluctuation value:

The relationship between scintillation index and scintillation peak-peak fluctuation
value Pg,. (dB) can be approximately represented as

Py (dB) = 27.58,%° (5.29)
The calculation result of Formula (5.29) is shown in Fig. 5.25.
The cumulative distribution P(/) of signal intensity / can be obtained by using

cumulative distribution of signal peak-peak fluctuation value.
In the formula:

P(I) =Y _fiPiI) (5.30)
i=0



5.3 Tonospheric Scintillation 155

° T T 1
Signal fluctuation
28-29 April 1977
7
5 C/ EIA
/ ;,ﬁ
1
- r
]
= /
& =20
G L~ /
o "y
: /
(=]
& 7
5
=
] ¥
2 30
=
[¥]
(-4
—40
-50
2 5 2 ] 3
1072 107! 1

Fluctuation frequency (Hz)

The scintillation event was observed during the evenings
of 28-29 April 1977 at Taipei earth station

30 min before event onset

at the beginning

| h after

2 h after

3 h after

4 h after P.0531-08

FRyQue
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China [2]
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Fig. 5.25 Relationship between scintillation index and signal peak-peak fluctuation value
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In the formula: &, &, refer to minimum and maximum values of signal peak-peak
value and n refers to number of intervals that the user is interested in.

The statistical relationship between peak-peak value of ionospheric scintillation
and sunspot number is derived in accordance with 4 GHz ionospheric scintillation
event (Table 5.5) observed at Hong Kong, Taipei, Bahrain, and Longovilo Stations
from 1970 to 1980, as shown in Fig. 5.26.

2. Evaluation of scintillation effect:

The annual statistics of peak-peak fluctuation values of ionospheric scintillation are
obtained using 4 GHz ionospheric scintillation events (Table 5.6) observed in Hong
Kong and Taipei from 1975 to 1980, as shown in Fig. 5.27, in which, sunspot number
is the 12-month sliding mean, solid-line curve P represents the measured result of
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Table 5.5 Statistics of ionospheric scintillation event [6]

Event Time Station Number of events
A 1975-1976 Hong Kong, Bahrain 15

B 1974 Longovilo 1

C 1976-1977 Taipei 2

D 1970-1971 12 stations +50

E 1977-1978 Hong Kong 12

F 1978-1979 Hong Kong 10

G 1979-1980 Hong Kong 6

satellite angle with east elevation angle of 20°, and dash curve / represents measured
result of satellite signal with west elevation angle of 30°.

The scintillation effect of a satellite system is analyzed by the following methods,
as shown in Fig. 5.27:

(1) The peak-peak fluctuation value Py, of 4 GHz signal scintillation with required
time probability obtained from Fig. 5.27.

(2) The peak-peak fluctuation value with frequency f is obtained by multiplying
peak-peak fluctuation value of 4 GHz signal scintillation by (f/4)~1.

(3) Pgyc varies with geographic position and occurrence time per day and can be
evaluated qualitatively using Fig. 5.23.

(4) When calculating sanction of links, the signal attenuation Lp can be obtained
by Lp = Pf]uc/\/z.

Figure 5.28 depicts an example of long-term cumulative distribution of 4 GHz
satellite signal density.

3. Scintillation fading depth:

The scintillation fading depth A;(X) can be represented as

0 S4 < 0.05

A =
1(%) { —10log/(x) S4 > 0.05

(5.31)

In the formula: A;(x) refers to fading depth with x% time probability exceeded
(dB) and I(x) denotes the relative receiving level with x% time probability exceeded,
which can be defined as

~

E2
I(x) = =~ = —~ (5.32)
E2

r

]

In the formula: Pr refers to receiving power level (dBw), P, refers to ) average
receiving power (dBw), Er denotes field intensity of receiving point, and E? refers
to mean square value of field intensity.
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Table 5.6 Statistics of ionospheric scintillation event [6]

159

Curve Time SSN scope Station
11, P1 1975-1976, 03 10-15 Hong Kong
12, P2 1976-1977, 06 12-26 Taipei
13, P3 1977-1978, 03 20-70 Hong Kong
14, P4 1977-1978, 10 44-110 Hong Kong
15, P5 1978-1979, 11 110-160 Hong Kong
16, P6 1979-1980, 06 153-165 Hong Kong
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Fig. 5.27 Annual statistics of peak-peak fluctuation value of 4 GHz signal ionospheric scintillation
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Figure 5.29 depicts the global distribution of scintillation fading depth of low-
frequency band signal (1.5 GHz) in a high solar activity and a low solar activity year,
based on which we can deduce that the fading depth has the following characteristics:

(1) The scintillation fading in high solar activity year is fairly larger than that in
low solar activity year.

Solar maximum Solar minimum

DEECON

Midnight

Midnight

PO331-06

Fig. 5.29 Scintillation fading depth distribution in high solar activity year and low solar activity
year [6]
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(2) The scintillation fading usually occurs at 19:00LT in the evening, lasting till
06:59LT in the morning, sometimes.

(3) The fading frequently occurs near the equator (within +20° of geomagnetic
latitude), followed by the high-latitude regions, such as aurora zones and polar-
cap zones, while the scintillation is either minimal or very less likely to occur
in the middle-latitude regions.

For 3 GHz frequency system and above, the effect of rainfall on the signals should
be considered (refer to Chap. 3) in addition to ionospheric scintillation. In fact, atten-
uation due to ionospheric scintillation and rain attenuation refer to the losses of two
different mechanisms, but such losses may occur at the same time at the equator and
its surrounding regions during a high solar activity year. For example, in Djutiluhar
in Indonesia, the trial shows the annual probability of simultaneity of scintillation
fading and rain attenuation of 4 GHz signal to be about 0.06%. The signal is not
depolarized if only scintillation fading takes place, and the fluctuation amplitude
of signal is relatively small if only rain attenuation occurs; however, severe signal
fluctuation can occur in the channels of cross-polarization if both the phenomena
transpire simultaneously.

5.3.4 Ionospheric Scintillation Characteristics in China
Region

The southern low-latitude regions in China are situated near the equator, where
the occurrence of ionosphere scintillation is high; hence, China’s satellite system
is severely impacted from this phenomenon. Therefore, China Research Institute
of Radio Propagation has been working on ionospheric scintillation observation
and research for a long time by utilizing radio observation stations and grids. It
analyzes the data from Haikou, Guangzhou, and Kunming Stations in China to obtain
a comprehensive understanding of the characteristics of ionospheric scintillation in
China’s low-altitude regions.

1. Tonospheric scintillation characteristics in China’s low-altitude regions:

(1) The ionospheric scintillation phenomenon is largely solar activity dependent.
The occurrence probability of ionospheric scintillation per day can be up to 80%
and above in a high solar activity year, and the probability is higher in spring
and autumn and lower in summer and winter. Figure 5.30 displays the statistical
result of correlation between ionospheric scintillation and solar activity index
observed at Haikou Station from December 2008 to June 2014, wherein the red
line refers to solar activity index F10.7, blue line refers to solar activity index
SSN, and bar graph refers to occurrence probability of ionospheric scintillation.
The Y-coordinate on the left refers to the occurrence probability of ionospheric
scintillation, y-coordinate on the right refers to the solar activity index SSN, and
x-coordinate refers to the observed month. It can be observed that the occurrence
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Fig. 5.30 Correlation analysis of solar activity index and ionospheric scintillation [8]
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probability of ionospheric scintillation exhibits a good and positive correlation
with solar activity index SSN (or F107).
The scintillation predominantly occurs in the evening after sunset, is concen-
trated between 21:00LT at night and 02:00LT the next morning, and its
occurrence is less likely during the day.

Figure 5.31 displays the correlation between occurrence of ionospheric scin-
tillation events during high occurrence seasons (spring (February to October)
in 2005 and autumn (August to October) in 2004) at the local time in China’s
Hainan Province.

The ionospheric scintillation in China always occurs in the regions south of
geographic latitude 28°N (geomagnetic latitude is about 18°N). Figure 5.32
depicts the ionospheric scintillation observed by the GNSS signal. In the figure,
blue area refers to the region without scintillation; gray area refers to weak
scintillation (0.1 <S4 < 0.3 for weak scintillation), green area refers to moderate
scintillation (0.3 < S4 < 0.6 for moderate scintillation), and red area refers to
strong scintillation (S4 > 0.6 for strong scintillation).

At low-latitude regions, the ionospheric scintillation is more likely during the
geomagnetically inactive period, and less likely in the geomagnetically active
period.

Figure 5.33 depicts the occurrence statistics of ionospheric scintillation during

different geomagnetic activity periods, signifying that ionospheric scintillation
predominantly occurs during the geomagnetically inactive period and is inhibited
to a large extent in case of a strong geomagnetic activity period.

2.

In

Statistical characteristics of ionospheric scintillation:

terms of a satellite system design, Fig. 5.34 illustrates the scintillation fading

depth with %P (95, 99, 99.5, 99.9, 99.95, and 99.99%) time probability exceeded for
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Fig. 5.31 Local time variation of scintillation occurrence probability in Hainan [8]

0.1-10 GHz signals in China’s low-latitude regions, wherein x-coordinate refers to
the signal frequency (GHz) and y-coordinate refers to the fading depth (dB).
In the middle-latitude regions, ionospheric scintillation seldomly occurs, and scin-

tillation fading depth is relatively small; hence, its influence can be overlooked for
1 GHz signals and above. Similar to Figs. 5.34 and 5.35 provides the scintillation
fading depth with p% (99, 99.5, 99.8, and 99.9%) time probability exceeded for
0.1-1 GHz signals in the middle-latitude regions.
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Chapter 6 ®)
Radio Noise and Interference Check for
Coordination

In a satellite communication system, the satellite or ground station can receive
numerous external noise signals along with the main radio signals, which further
generates a considerable impact on the quality of satellite communication. In partic-
ular, the external noise signals tend to be much larger than the interferences in the
receiver owing to the usage of a low-noise amplifier, and thus we must consider the
influence of the various external noises when designing the communication links of
an earth-space satellite. Furthermore, the ground station of the satellite interferes with
the ground service system on the same frequency. In system design, the coexistence
analysis must be explored to define the coordination distance from the ground station.
When defining such distance, it is imperative to consider the interference caused by
beyond-line-of-sight (BLOS) propagation of rainfall satellite and atmospheric duct,
in addition to the line-of-sight propagation of the interference signal.

6.1 Definition and Classification of Radio Noise Signals

Radio noise, which is deemed as a time-varying electromagnetic phenomenon with
a radio-frequency component that evidently does not transmit any valuable infor-
mation, and can, in fact, superimpose or get merged with useful information is
divided into internal and external noise. Internal noise emerges from the receiving
system (including antennas and transmission lines) and is characterized by thermal
noise (also called as white noise and Gaussian noise). External noise consists of a
natural static that is primarily produced by a celestial body, such as the sun, cosmic
microwave background, earth’s atmosphere, electromagnetic radiation and lightning
on the earth’s surface, and artificial radio noise generated by numerous sources such
as industries, transportation, power transmission, electrical equipment, and appli-
ances. The artificial radio noise is generally the non-Gaussian type of noise with
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characteristics of reference impulse. The noise signals vary significantly with the
different frequencies and spatiotemporal positions.

Natural and artificial radio noise signals are primarily produced from the following
sources:

1. Natural noise source:

(1) Radio noise signals of atmosphere mainly arise from the electromagnetic
radiation due to lightning discharge.

(2) Electromagnetic radiation from atmosphere, clouds, and rain is generally
described as the “brightness temperature.”

(3) “Brightness temperature” also represents the radiance of the microwave
radiation from earth’s surface, including ground and water surface.

(4) Noise from celestial bodies and distant galaxies, including electromagnetic radi-
ation from the sun, moon, planets, interstellar medium, and countless galaxies
in deep space.

2. Artificial noise:

(1) Electrical radiation arising from power lines mainly comprises electromagnetic
radiation emitted due to gap breakdown and brush discharge, and its noise
frequency spectrum is generally below 10 MHz.

(2) Electrical radiation emitted from ignition devices of internal combustion
engines, mainly including the spark discharge radiation coming from the ignition
system of vehicles, ships, and aircrafts, with a wide noise frequency spectrum
ranging from MF to VHF. It should be noted that such noise tends to be larger
than the cosmic noise in case of frequency being larger than 20 MHz.

(3) Radiation generated by electrical railways is mainly produced by the elec-
trical spark when the pantograph mounted on these locomotives jumps off the
overhead line.

(4) Leakage of industrial and medical devices.

(5) Radiation from various electrical appliances and lighting equipment used in
daily life.

6.2 Solar and Cosmic Noise

The cosmic noise refers to the collective galactic noise generated by various elec-
tromagnetic radiations present in the cosmic space approaching the ground. These
radiation sources consist of celestial bodies, such as the sun, moon, planets, and
interstellar cloud bodies like nebulae that emit electromagnetic waves, and generate
strong radiations over a wide frequency band. In general, the satellite communica-
tion system operating at 2 GHz or below should most definitely make allowances
for radio noise produced by nebulae and other extraterrestrial clouds in our solar and
galactic system.
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6.2.1 Galactic Noise

Disregarding the shadowing effect of ionosphere, galactic noise median Fy, (dB)
can be calculated using the following formula:

Fam =52 —231gf 30MHz <f < 100 MHz 6.1)

In the formula: f refers to frequency (Hz).

The cosmic microwave background (CMB) noise is about 2.73 K, but the galactic
nebula appears as a narrow zone with slightly enhanced brightness, and hence only
the sun and a few very strong heat exchangers should be considered in case of 2 GHz
frequency and above, such as Cassiopeia A, Cygnus A and X, and Crab Nebula.
The brightness temperature of extraterrestrial noise resource is as shown in Fig. 6.1,
when the frequency ranges between 100 MHz and 100 GHz.

The conversion of brightness temperature of radiation from cosmic microwave
background at different frequencies can be represented by the following formula (K):

() = () Glf) > +27  k (6.2)

In the formula: f refers to the reference frequency (MHz) and f; refers to
frequency to be converted (MHz).

The typical change of the entire frequency scope and the sky must be considered
for a more precise computation. For a point resource, frequency-varying brightness
temperature intensity depends on its diverse physical conditions.

6.2.2 Noise Radiation from Celestial Bodies

The sun is a strong noise source emitting radiations of different wavelengths. Its
noise temperature is about 10® K when frequency ranges from 50 to 200 MHz; the
minimum noise temperature of an inactive sun is about 10* K when frequency is
about 10 GHz, and the noise multiplies tenfold in case of the occurrence of a solar
flare.

The sun traces the ecliptic as its apparent path through the constellations. During
vernal and autumnal equinox every year, the sun crosses the surface of the terrestrial
equator, and GEO (geosynchronous equatorial orbit) is placed between the sun and
earth, while the ground receiving antennas of the satellites are positioned opposite
to the sun. At this moment, the sun turns into a huge noise source and completely
overwhelms the satellites’ signals leading to severe interruption of these communi-
cation systems, such as transit interruption. Transit interruption naturally happens
at a fixed time every year, and hence it can be predicted accurately, to take timely
countermeasures.
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Fig. 6.1 Brightness temperature of extraterrestrial noise resources [ 1]; A—inactive sun; B—moon;
C—range of galactic noise; D—cosmic noise

The moon intersects the ecliptic within a +5° of declination range. When the
frequency is higher than 1 GHz, the brightness temperature of moon’s radiation is
frequency independent. Additionally, the brightness temperature varies with time
from 140 K for crescent moon to 280 K for full moon.
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6.3 Noise from Earth’s Surface and Atmospheric Noise

6.3.1 Uplink Noise

For uplink noise, the earth itself becomes the main noise resource. When observing
from space, the average noise temperature of the earth is 254 K. When an antenna
beam points to different regions of the earth, the noise temperature varies due to the
existence of different mediums and terrains. On the whole, the noise temperature
of earth’s surface recorded by satellites is much higher than the temperature of the
troposphere atmosphere, clouds, and rain.

The brightness temperature of earth’s surface encompasses the radiation emitting
from earth’s surface as well as the reflected part of the earth’s downward radiation
to the atmosphere. The brightness temperature of earth’s surface corresponding to a
specific zenith angle is calculated using the following formula:

T = 8Tsurf + pTatm (63)

In the formula: T refers to brightness temperature of earth’s surface (K), ¢ refers
to equivalent radiation coefficient of ground surface, p refers to equivalent reflection
coefficient of ground, T+ refers to the physical temperature of the earth’s surface
(K), and T 4, refers to the weighted average of brightness temperature in clear sky (K).

When frequency is 100 GHz or below, especially 10 GHz or below, the equivalent
reflection coefficient of ground p is generally quite high, and equivalent radiation
coefficient of ground surface ¢ is relatively low. This calculation includes all the
integrations of radiation with downward angle and is delimited by the attenuation of
the atmosphere.

1. Sea surface noise:

Figure 6.2a, b depicts the sea surface radiation coefficient and brightness temperature
change under different cases, respectively, among which Fig. 6.2a shows radiation
coefficient of smooth sea surface and vertical and horizontal polarization components
of brightness temperature for two incident angles (0 and 45 m). The equivalent radia-
tion coefficients of fresh water and sea water are identical in case of frequency being
larger than 5 GHz. Figure 6.2b illustrates the relationship between nadir brightness
temperature of sea surface and physical temperature of sea surface at three given
frequencies (1.4, 10, and 37.5 GHz).

At the same time, the brightness temperature of sea surface increases with the
increase in wind speed on the sea surface.
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Fig. 6.2 Change of radiation coefficient and brightness temperature of sea surface (left) Radiation
of smooth sea surface (% is the salt content); (right) different sea surface temperature and nadir
brightness temperature at different frequencies (salt content is 3.6%). A—vertical polarization;
B—0° and 45° incident angle; C—horizontal polarization

2. Land noise:

The radiation brightness temperature of land is higher than the water surface since
the dielectric constant of land is low. Figure 6.3a shows the radiation brightness
temperature of bare smooth land with different water content; Figure 6.3b shows the
radiation brightness temperature of land with different roughness.

The figure demonstrates vertical, horizontal, and circular polarization. The radi-
ation brightness temperature reduces with the increment in vapor density, and hence
it rises accordingly with the increase in ground roughness.

For synchronous orbit satellites, wherein the beams cover the earth (the earth is
within 3 dB of its main lobe), the weighted brightness temperature of earth is as
shown in Fig. 6.4, in which the x-coordinate represents the longitude of satellite. The
vapor density is 2.5 g/m?, cloud coverage is 50%, lobe figure of earth coverage is
provided by G(¢) = —3(¢/8.715)2 dB, and 6 is standard angle with 0° < ¢ < 8.715°.

As illustrated in Fig. 6.4, the noise temperature of the African continent near
longitude 30°E is high, but the noise temperature of the region located between
180°W and 150°W is low due to the cooling influence of the Pacific Ocean. At
the same time, the radiation brightness temperature increases with the increase of
frequency, due to the increase in atmospheric absorption.
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6.3.2 Downlink Noise

1. Atmosphere noise in clear air:

Figure 6.5 depicts the gas brightness temperature of the atmosphere as received by
the ground receiver, which removes the influence of 2.73 K galactic background
noise and other celestial bodies and includes the radiation brightness temperature
of atmosphere at different frequencies within 1-340 GHz. Figure 6.6 shows the
magnified part of 1-60 GHz in Fig. 6.5. The curve in this figure is derived using
the radiation conversion formula. The input parameters of the atmosphere model are
as follows: vapor density of surface is 7.5 g/m>, surface temperature is 288 K, and
vapor elevation is 2 km. The radiation brightness temperatures of 7 typical elevation
angles at 0°, 5°, 10°, 20°, 30°, 60°, and 90° are provided in the figure, where the
surface temperature is 15 °C and pressure is 1023 hPa.
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Fig. 6.3 Relationship between 1.43 GHz land brightness temperature and elevation angle [1] a bare
smooth land; b A—smooth land; B—Moderately rough land; C—rough land (deep tillage area)
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Fig. 6.3 (continued)

The United States developed the research on radiation transfer characteristics of
cloud effect, and examined the statistical characteristics of zenith brightness temper-
ature adopting the meteorological data comprising of 15-year observation data from
15 stations. Figure 6.7 depicts the statistical distribution of radiation brightness
temperature at the zenith, of two American stations (Station Yuma Arizona (1961,
annual precipitation is 5.5 cm) and Station New York (1959, annual precipitation is
98.5 cm)), at 5 different frequencies (10, 18, 32, 44, and 90 GHz).

As illustrated in Fig. 6.7, the temperature of 90 GHz zenith noise may be lower
than that of 44 GHz noise when the brightness temperature is very low, that is, the
vapor density is very low (below 3 g/m?); the brightness temperature of 90 GHz
noise is almost identical to that of 44 GHz noise when the vapor density is 7.5 g/m>.

2. Noise of cloud and rain:

For the ground station arranged with low-noise receiver front end, the influence of
noise temperature rise on the signal-to-noise ratio may turn out to be more severe
than attenuation. The window frequency band of atmospheric absorption is always
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Fig. 6.4 Weighted brightness temperature of earth at 1.5 GHz synchronous orbit satellite at different
longitudes [1]

employed for satellite communication. At these frequency bands, the absorption
attenuation of atmosphere is minimal and the corresponding noise is small as well,
since it mainly comes from clouds and rainfall. At this moment, the noise temperature
of ground station antenna noise can be calculated using the following calculation:

Tay = Toe(1 = 107410) 427 x 1074/10 (6.4)
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Fig. 6.7 Time probability of zenith brightness temperature is lower than x-coordinate value in a
typical year [2]

In the formula: 7 gy refers to atmospheric noise temperature relative to the antenna
(K), A refers to path attenuation (dB), and Ty, refers to average radiation temperature
of atmosphere (K).

When surface temperature 7 is known, average radiation temperature of the
atmosphere can be calculated using the following formula:

T = 37.34 4+ 0.81 x Ts K (6.5)

where T, can approximately be 275 K in case of limited local data.

6.4 Coordination Area of Earth Station

Typically, more than 1 GHz is applied for operating satellite communication network
and ground microwave relay communication network. To ensure transmission quality
of each network, the interference between these two communication networks must
be analyzed even before the establishment of a new network. If the evaluated inter-
ference exceeds the value specified by radio regulation, the coordination must be
calibrated and corresponding countermeasures must be taken to ensure the proper set-
up and functioning of a new network. Otherwise, the normal functioning of the new
network could suffer a failure due to the extensive interference. Therefore, evaluation
and coordination of interference is undoubtedly instrumental for the establishment
of a satellite communication network.
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When satellite communication shares 1-40 GHz frequency band with ground
microwave relay communication network, the transiting signal of the relay could
interfere with the receiving signal of the ground station, and the transiting signal
of the ground station may interfere with the receiving signal of the ground relay.
To retain normal communication, a certain distance must be maintained between
the earth station and the ground relay. The interference can be overlooked when
exceeding such distance, and this distance is called as coordination distance. The area
formed by connecting the endpoints of coordination distance at each azimuth of the
earth station is regarded as the coordination area. The coordination distance should
be defined before determining the coordination area of an earth station. Therefore,
various factors must be considered, such as transmission loss of interference signal,
atmospheric influence, terrain near station, direction of antenna, and time probability
of the occurrence of tolerable interference signal.

6.4.1 Coordination Distance

There exist two transmission models that should be considered for computing
the interference between earth station of satellite communication network and
earth station of ground microwave relay communication network, namely, clear-
air propagation model and rainfall scattering model. The method for calculating the
coordination distance is provided in subsequent paragraphs.

1. Overview:

When calculating the coordination distance using clear-air propagation model,
different calculation methods should be used for the three frequency bands mentioned
below:

(1) The empirical propagation method that is suitable with respect to the measured
data should be used for 100-790 MHz VHF/UHF frequency bands.

(2) Effect of troposphere scattering, atmospheric duct, and stratification reflection/
refraction should be considered for 790 MHz to 60 GHz.

(3) Vapor absorption effect pertaining to free-space propagation loss, and conser-
vation and signal enhancement with small time probability must be considered
for 60-105 GHz.

When determining the coordination distance while considering rainfall scattering,
the isotropic scattering produced in public scatter by the main beam of each inter-
ference station due to rainfall should be considered. When performing frequency
coordination, the interference of rainfall to frequencies beyond 1-40.5 GHz can be
ignored. This is because the level of rainfall scattering signal below 1 GHz is very low,
and although significant scattering occurs when the frequency is above 40.5 GHz,
the scattering signal undergoes large rain attenuation in the path from scatterer to
ground station.
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2. Determination of limit of coordination distance:

The maximum and minimum coordination distances must be first determined in
calculating the coordination distance. The distance should increase from minimum
and not exceed the maximum when calculating the coordination distance of clear-air
effects. While considering rainfall scattering effect, the distance must decrease from
maximum and not be less than minimum.

(1) Minimum coordination distance:

The minimum coordination distance of rainfall scattering effect is about 55 km. The
minimum coordination distance of clear-air effects dy,;, (km) is calculated using the
following formula:

diin(f) 0 <f < 40GHz
(54<f)d,’nm(4£)+10(ff40) 40GHz < f < 54GHz
dnin#) = { 10tr5-11257 60 Zz g’;‘j = j{ <<7656 ggzz (6.6)
5 75GHz < f < 90 GHz
45 — L2 90GHz < f < 105GHz
dnF) = 100+ Lr =) ”z_f ) 6.7)

In the formula: f is frequency (GHz), d’ i, (40) refers to minimum coordination
distance (km) considering propagation in clear air when f is 40 GHz, and frequency
f for above formula is limited within 40 GHz.

B, refers to parameter of radio meteorology, calculated using the following
formula:

1.67—0.015¢, o
b= o=l ©8)

4.17 ¢ > 70°

In the formula: ¢, is determined by latitude of the earth station (°):

[ — 1] — 1.8 |¢] > 1.8°
"o o] < 1.8°

(2) Maximum coordination distance:

In an iterative calculation of coordination distance considering clear-air effects and
rainfall scattering effect, it is necessary to fix the maximum coordination distance
dmax1 (km) and dp.xo (km), respectively. dmax is calculated using the following
formula:

1200 f <60GHz

80—101log(%) f > 60 GHz (©9)

dmaxl = {
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Table 6.1 Maximum coordination distance under rainfall scattering effect
Latitude/® 0-30 30-40 40-50 50-60 360
Distance/km 350 360 340 310 280

dmax2 1s calculated using Table 6.1.

6.4.2 Coordination Distance Considering Propagation
in Clear Air

1. Classification of radio meteorological zones:

By and large, the globe is divided into four radio meteorological zones for analyzing
the coordination distance:

(1) Zone B: Cold seas, oceans, and large inland waters at latitudes greater than 30°,
excluding the Mediterranean Sea and Black Sea.

(2) Zone C: Warm seas, oceans, and large inland waters at latitudes lower than 30°,
including Mediterranean Sea and Black Sea.

(3) Zone Al: Coastal lands and areas, that is, areas adjacent to Zone B or C up to
areas 100 m above sea or water level, with a maximum distance of 50 km from
the nearest Zone B or C; the approximate value can be applied if there is no
accurate data available about the 100 m elevation contour.

(4) Zone A2: All land, excluding coastal land and areas as defined in Zone Al
above.

The following approximations are required for large inland waters, inland lakes,
or high-wetland areas: Large inland waters refer to waters covering an area of at
least 7,800 km? in Zone B or C, excluding river areas. Islands in such waters are
classified for calculation if 90% of island area is not more than 100 m above the
mean water level. For calculation of waters, the islands that do not satisfy these rules
are classified as lands. When a wetland area larger than 7,800 km? contains many
small lakes or river networks, such an area is classified as coastal area Al, if more
than 50% of its area is water and more than 90% of its land is not more than 100 m
above the mean water level.

2. Worst-month coordination distance:

The coordination distance is usually determined by the interference level with
p1% time probability not exceeding annual average. P; can be calculated using
the following formula when coordination distance is required not to exceed the
worst-month p,,; % time probability:

log(p,,1)+log(G)—0.444

p1 =10 0816 (6.10)
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Table 6.2 Determination of

. . . Horizontal distance range Horizontal distance
radio horizontal distance
dp <0.5 km 0.5 km
0.5km <d, <5.0km Horizontal distance
dj, >5.0 km 5.0 km

In which,

\/—(ﬂ o
1.1+ [cos2¢. %" ¢, < 45 (6.11)

1.1 —|cos2¢,"7 ¢, > 45°

and p; should satisfy the condition of 12p; > p,,;.
3. Calculation of coordination distance considering propagation in clear air:

Bearing in mind the clear-air effects, parameter Ay, is used to measure the shadowing
of earth station due to its surrounding terrain. The additional loss due to the shad-
owing is calculated along each direction. Horizontal distance of radio d, is defined in
accordance with Table 6.2. Calculate the horizontal angle 6;, (°) between horizontal
plane and ray across the shadowing, taking earth station as its vertex. 8, is a positive
value when shadowing is above water level. The horizontal angle should be deter-
mined for all the directions surrounding the earth station. In fact, 5° of increment is
deemed sufficient for the calculation. However, it is required to determine whether
there is a minimum horizontal angle in 5° of increment for each calculation.

Calculating the horizontal distance correction A; (dB) along each azimuth
surrounding the earth station:

Ay = 15[1 - exp(@)}[l — exp(—@hfl/3)] (6.12)

Transmission loss A;, (dB) caused by terrain shadowing at each azimuth of the
earth station:

—L5[(f +1D"* —0.0001f — 1.0487] 6, < —0.5°
Ap=13[(f + D'?—0.0001f — 1.0487]6, —0.5° <6 <0° (6.13)
201g(1 4+ 4.56,/ %) + Of P +Aq O = 0°

and A;, value must satisfy the following conditions:
—10 <A, < (3046 (6.14)

The determination methods for coordination distance of satellite communication
system at different frequency bands are described in the subsequent paragraphs.
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(1) 100-790 MHz:

Calculate and iterate basic transmission loss using different path types starting from
minimum distance. Distance at the beginning of each iterative calculation is

di=dnn+i-s(i=0,1,2,...) (6.15)

The transmission losses of various path types are calculated using the following
formula:

Ly(py) = 142.84+201gf + 101gp; + 0.1d; (All paths are in Zone Al or A2)
Lys(p1) = 49.911g(d; + 18407 "70) + 1.195f*** (1gp) 4 a>”

+ (0.01d; — 70)(f — 0.1581) + (0.02 — 2 x 10_5p%)d,-

+9.72 x 10~°d*p? +20.2 (Al paths are in Zone B)

Lys(p1) = 49.343 lg(d,- + 1840f1'58) +1.266(1g p) O-408+2:5980) 40453 1 (0.037d; — 70)(f — 0.1581)

+1.95x 107192p3 +20.2 (Al paths are in Zone C)

The basic transmission loss under current distance is calculated using the
following formula:

dtln 11
Ly(p1) = Lys(p1) + |:1 - exp<—5.5(7) )i|(Lbz(P1) — Lys(p1))  (6.16)

1

In the formula: d,, (km) refers to the distance of largest continuous land (inland
coastal land) in Zone A1 and A2 under current distance.
The iteration is required to satisfy the following relational expression:

La(p1) = Li(p1) (6.17)
or
di > dimaxi
If the recommended distance increment s is 1 km, then:
Li(p1) = Ly(p1) — An (6.18)

In the formula: L; (p;) (dB) refers to minimum basic transmission loss required
by p1% time probability exceeded.

This calculation method is applicable for p; % time probability within a range of
1-5%. So far, this iteration is complete. Then, comparing the relationship between
L>(p1) and L(p;) and between d; and d.x1, to decide whether the iteration should
be processed or terminated.
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(2) 790-60,000 MHz:

The troposphere scattering, atmospheric duct, and stratification reflection/refraction
should be considered for this frequency band. The propagation model here can be
applied into the annual time probability within 0.001-50%. Evaluate using the said
iteration method. Iterating the distance d; (i =0, 1, 2 ...) by adopting a uniform step
size starting from minimum coordination distance d ;.

In which:

di =dpin+1i-5s (6.19)

At distance d; at each azimuth angle of the earth station, the vapor density
pi (g/m?) with 50% time probability exceeded can be obtained from ITU-R.836
Recommendation. Then, calculating the distance-dependence attenuation caused by
vapor absorption:

Ag = o+ va)di+ ) vulpn) - (6.20)
n=0

In the formula: y, refers to attenuation rate of atmospheric duct (dB/km), being
defined as

ya = 0.05f"/3 (6.21)

where y, refers to attenuation rate of dry air (dB/km), being defined as

-3 6.09 4.81 2 -3
Yo = [7'19 X 107+ o + s < 10 ]f = 56771 (6.22)
10 f > 56.77
where y,, refers to attenuation rate of vapor (dB/km), being defined as
(p) = <0 050 + 0.0021p + 36 )f2 x 1074 (6.23)
nlor =" R (f —22.2)> +8.5 p '

The vapor density used for vapor attenuation rate in the troposphere scatter
propagation is 3.0 g/m?, then

Ywr = yw(3.0) (6.24)

Get vapor density po at the earth station and vapor density pgmin at distance
dmin at each azimuth angle from ITU-R.836 Proposal. Calculate region-dependent
parameters:

T =1—exp[—(4.12 x 10~*a;;*")] (6.25)

m
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1y = [10% 4 [10—(0.496+0.354f)]5]0~2 6.26)
wp <1
o =-06—¢ x 10794t (6.27)
o>-34
o = (2.48 x 107*a?)’ (6.28)
H2 <1

(—0.93540.0176¢,) log 11, o
s = { 10 & <70 629)

1003z & > 170

Calculate the occurrence rate of atmospheric duct 8 and relevant parameters I', as
both are used for calculation of time dependence of basic transmission attenuation.

B=Bp 1112 g (6.30)
= 1.076 exp[—(9.51 — 4.81og B + 0.198(log B)*) x 107°d""]
(2.0058 — log B)1-012 '
(6.31)
Calculate distance-dependent attenuation in atmospheric duct:
p pr\"
Ls(p1) = Ag + (1.2 + 3.7 x 1073d)) 10g<gl> + 12(#) (6.32)

Calculate distance-dependent attenuation in tropospheric scattering:
Le(p1) = 20logd; +5.73 x 1074(112 — 15¢cos(2e))d; + (Vo + yw)di  (6.33)

(1) Considering the occurrence of atmospheric duct:

Calculate attenuation correction (dB) of atmospheric duct for the sea surface:

-6
T (144

(6.34)

c

In the formula: d. (km) refers to distance from land-based earth station to the
coast in considered direction, and d,. is zero in other environments.
Calculate non-distance-dependent attenuation (dB):
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A = 12243 +16.5logf + A+ A + A, (6.35)
Calculate minimum distance-dependent attenuation (dB):

Ly (p1) = Ly(p1) — Ay (6.36)

Set a factor to control other attenuations related to the additional links and the
terrain height:

e = 8.5 (6.37)

(2) Considering the tropospheric scattering:

Calculate frequency-dependent loss (dB):

2
Ly =25logf — 2.5|:10g(§):| (6.38)
Calculate non-frequency-dependent attenuation (dB):
3 PV 07
Ay = 187.36 + 108, + Ly — 015Ny — 10.1( log<%>) (6.39)

In the formula: 6, refers to horizontal elevation angle of earth station (°) and N
refers to refraction rate of sea surface at the center of the path.
Calculate minimum distance-dependent attenuation (dB):

Ly(p1) = Ly(p1) — Az (6.40)

Calculate using formula (6.22) to formula (6.40) in iteration process, and then
iterate the distance d; (i = 0, 1, 2 ...) by adopting proper increment step as per
formula (6.19) to formula (6.33) starting from minimum coordination distance d ;.
d; is regarded as the current distance for each iteration. Continue this process until
both the following expressions are established:

Ls(p1) = Lz (p1) (6.41)

Le(p1) = La(p1) (6.42)

di > dmaxl
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Subsequently, get coordination distance d; from the last iteration. This calcula-
tion method is applicable for annual time probability range within 0.001-50%. The
recommended distance increment s is 1 km.

(3) 60-105 GHz:

Within millimeter-wave frequency range from 60 to 105 GHz, the free-space atten-
uation and vapor absorption must be considered and signal enhancement with small
time probability should be added as well.

Calculate the attenuation rate of dry air (dB/km) within 60—105 GHz:

4 —5¢1.5 4
[2 x 1074(1 — 1.2 x 10757 19) + (F—63)°+0.936

on =+ e ) - 6.43
Y + 07118.75)2“.771]]( 6.24 x 10 f>632GHz (643
10dB/km f < 63.26GHz

Calculate vapor absorption at vapor density of 3 g/m> using the following formula:
Yum = (0.039 + 7.7 x 107*f*%)£?2.369 x 10~ (6.44)

Calculate attenuation of atmosphere absorption:
Yem = Yom + Vwm (6.45)

Calculate A; using formula (6.13), and then measure non-distance-dependent
basic transmission loss:

L7 =92.54201logf + Ay (6.46)
Calculate minimum distance-dependent loss (dB):
Ls(p1) = Lo(p1) — Ly (6.47)

Calculate the iteration process.
Each iteration distance is (i =0, 1, 2,)

di = dpin +i -5 (6.48)

Calculate distance-dependent loss of the current distance:
Lo(p1) = yends +201og d; +2.6] 1 — exp( = 1og(’i) (6.49)
¢ 10 50

It is required to satisfy the following condition:

Lo(p1) = Lg(p1) (6.50)
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Or

di = dmaxl (651)
Therefore, the distance obtained by the last “i” is the required coordination
distance. This calculation method is suitable for p; % time probability in the range
of 0.001-50%.

6.4.3 Coordination Distance Considering Hydrometeor
Scattering

The determination of coordination distance considering hydrometeor scattering is
analyzed based on geometric relationship of paths different from the circular propa-
gation mechanism of the earth. Hydrometeors cause scattering of isotropic energies,
thus causing interference with large scattering angle and cause the beam to intersect
with the large circular path. The division method mentioned above, stating that the
earth’s surface is divided into inland, coastal area, and sea surface, no longer applies
to the propagation calculation.

1. Calculation of coordination distance considering hydrometeor scattering:

The determination of coordination distance considering hydrometeor scattering is
based on the bistatic radar equation and adopts the “narrow beam” approximation
of earth station’s antenna, as the antenna gain can cancel the diffuse attenuation
from the scatterer to the antenna. Therefore, this interference coordination distance is
essentially decided by the path length from ground station to the scatterer, called as the
rain belt. This method is applicable to 1-40.5 GHz. The interference of hydrometeor
scattering can be disregarded in case this frequency range is exceeded. Determine
its minimum coordination distance using formula (6.6). The geometric relation of
hydrometeor scattering effect is shown in Fig. 6.8.
The transmission loss Lr(p,) is calculated using the following formula:

L,(py) = 173 +201g r; — 201gf — 141gR(py) — 101gC + 101gS — G + A,
(6.52)

In the formula: C refers to total effective scattering transmission function, 10lg S
refers to Rayleigh scattering bias, which is only applicable for hydrometeor scattering
below the edge of the rain top, A, refers to attenuation due to atmosphere, and G
refers to antenna gain of ground station. Calculate using the following formula:

C=I,C,+T,C, (6.53)
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Fig. 6.8 Hydrometeor scattering effect [3]

0.005(f — 10)"7R(p)** 10GHz < f < 40 GHz
101g S = 6.54
&s {0 f <10GHzOrC, =0 (6.54)
Ag = yo(dta + dro) + J/wv(drv + drv) (655)

In the formula: ', refers to path attenuation due to hydrometeor scattering, I,
refers to path attenuation due to thaw layer and ice scattering, C; refers to effec-
tive scattering transmission function of hydrometeor scattering, and C, refers to
transmission function of thaw layer and ice scattering. Calculate using the following

formula:
Iy
T, = exp[—0.23<— n 1“2)} (6.56)
cose
r he — hy,
r, = exp|:—0.23< Lo )} (6.57)
cose sine
c 434 0.23yx(he — hy)— S8 (6.58)
=—— |1—exp{—0. o — hp) ———— .
b yr(1 4 cose) xP Yk 1 —cose

7
Co= e [exp{—1.5(hc — hr)} — exp{—1.5(hy — hg + d.tange)}]  (6.59)
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In formula (6.56) to formula (6.59): I'; refers to attenuation from intersection of
beam to earth station (dB), I'; refers to attenuation from current distance point to
intersection of beam (dB), ¢ refers to elevation angle of earth station’s antenna (°),
h. refers to rain belt and region-related parameter at beam intersection, A, refers to
height of the intersection above the ground surface between antenna beam of ground
station and antenna beam of earth station (km), and y  refers to rain attenuation rate
(dB/km).

Attenuation from beam intersection to earth station I'; is calculated using the
formula:

YRTm 1 - exp(_f_e):l hm < hR
I = N (6.60)
YR m exp(——( = ")“)“9) — exp(—%)] Ry > hg

Fm

In the formula: d, refers to horizontal distance from earth station to edge of rain
belt and r,, refers to scaling distance of attenuation outside the common scatterer
volume (km). Calculate using the following formula:

d, = rg arcsin ( cos 8) (6.61)

m+rE

rm = 600R(p2) ™% x 107" (6.62)

In the formula: R(p;) refers to rainfall rate at the earth station with p,% time
probability exceeded (mm/h), which can be determined using ITU-RP.§37 Recom-
mendation, when the local data is available; r, refers to path length from beam
intersection to earth station (km); and 5 refers to middle parameter.

Calculate using the following formula:

e = \Jrd sin e 4+ 2, + 2h,rg — rgsine (6.63)
1
h,, = rE< - 1> (6.64)
cos 8
n= R(py) + 1) (6.65)

In the formula: rg refers to effective radius of earth (km) (8,500 km) and § refers
to angle (°) between rain belt and the earth surface point above the current distance
r;, which can be defined as

I, = erm|:1 — exp(—i)} (6.66)
r}’ﬂ
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The attenuation from current distance point to I', beam intersection is calculated
using the following formula:

=y, |1+ 22—E (6.67)

In the formula: r, refers to path length (km) from ground station to beam
intersection, which can be defined as

5="1 rad (6.68)

r'e

Rain belt and area-related parameter at beam interaction is given as

hm hR < hm
he =13 hg hyp < hg < h,, +d.tane (6.69)
hy, +d.tang hg > h,, +d.tang

In the formula: d, refers to diameter of rain belt (km).
d. = 3.3R(py) "% (6.70)

In the formula: y, refers to attenuation rate of dry air (dB/km) and y,, refers to
attenuation rate of vapor (dB/km). Calculate using the following formula:

6.09 481
=[7.19 x 107° 2% 1073 6.71
Yo [ % +f2+0.227+(f—57)2+1.5}/ X 671)

3.6
Yoy = [0.050 1+0.0021p + m}/z o x 1074 (6.72)

In the formula: p refers to the vapor density of ground with 50% time probability
exceeded (g/m?), determined in accordance with the ITU-RP.836 Recommendation.
For simplification, we can assume that the vapor density is a constant in the path when
determining the contour line of coordination distance under hydrometeor scattering.

In the formula: d,, and d,, refer to oxygen equivalent path and vapor equivalent
path (km) and d,, and d,, refer to equivalent path from earth station to rain belt for
characterizing oxygen and vapor (km), respectively. Calculate using the following
formula:

0.9r, r; < 270 km
di = 6.73
! { 243 4 0.4(r, — 270) r; > 270 km (6.73)
0.85r; r, < 220 km
, = 6.74
' { 187 4+ 0.4(r, — 220) r, > 220 km (©.74)
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dy, = 0.8r, (6.75)

d, = 0.5, (6.76)

In the above calculation, the distance between earth station and rain belt along
the horizontal direction of earth station is usually not more than 30 km, even if the
satellite-earth communication elevation angle is as low as 10°; hence, no signifi-
cant difference in rainfall rate and rain top height between these two points can be
observed.

Through iterative calculation, get maximum distance dyax2; as per Table 6.3, r; (i
=0, 1,2 ...) refers to distance between rain belt and ground station (km):

ri = dmax2 —1-8 (677)
It needs to satisfy the given conditions using the following formula:

L.(p2) < Ly(p2) (6.78)

ri < dmin (6.79)

Here, the previous iteration value of r; provides the calculation distance of rain belt
scattering:

dr =dpaxo — (I —1) -5 (6.80)

If d, < dnin is obtained by iteration calculation, then d, = dni, and iteration
calculation is complete. For hydrometeor scattering effect, dy,;, = 55 km. Assuming
the scattering due to rain belt above each azimuth is isotropic, the coordination
contour line is a circle of radius d, and distance from the center to the earth station
is d,, as shown in Fig. 6.9.

2. Determination of auxiliary coordination line of hydrometeor scattering effect:

The auxiliary contour line allows the azimuth deviation of antenna beam of the ground
station for position of the earth station considering their coordination. Figure 6.10
depicts the hydrometeor scattering zones projected on the horizontal plane. The earth
station and ground station in the figure are located at points A and B, respectively.
Position B of the ground station is in the direction determined by angle w from point
C on the main beam axis of earth station. Point C is the center of main contour line or
supplementary contour line of hydrometeor scattering effect and is also the center of
auxiliary contour line. The shaded area in Fig. 6.10 refers to the critical area between
rainfall height and earth station along the main beam axis of the earth station. A
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Fig. 6.9 Position of coordination contour line [3]

common body forms between the beam of earth station in this critical area and the
beam of any ground station in the main contour line or supplementary contour line of
the hydrometeor scattering effect. The length of this critical area is b and maximum
horizontal length is up to point M. The intersection of this critical area and main
beam of the ground station produces a huge rainfall scattering interference through
the coupling taking place between the major lobes.

For the point specified in the main contour line or supplementary contour line
of hydrometeor scattering effect, its angle to critical area is critical angle . The
protection angle v in Fig. 6.10 refers to the angle of main beam deviating from the
critical area. The avoidance angle between main beam axis of ground station and
earth station is ¢. Angle ¢ is the sum of angle ¥ and angle v, whose size in degrees
has a fixed value for specific auxiliary contour line. Each auxiliary contour line
is generated by changing @ from point C to the auxiliary contour and the derived
distance r;,. ¥ and v vary with increase of w from 0° to 360°, but their sum does not
change.

This method is based on the main contour line given by formula (6.80). Iteratively
decrease the distance rj, between ground station and earth station from distance d,,
until the minimum distance r; satisfying the required minimum loss is obtained, or
the minimum coordination distance is reached. Determine critical angle i for each r;,
value, and then calculate the protection angle v. Put the antenna gain corresponding
to protection angle v and current distance r, into formula (6.52) to get the path
attenuation of hydrometeor scattering effect. Repeat the above process for each angle
w, and generate a closed auxiliary contour line for a given beam avoidance angle ¢.
Auxiliary coordination line of hydrometeor scattering effect is determined as per the
following procedures:
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Fig. 6.10 Geometric relation of propagation in the horizontal plane [3]

@ Set r, value for radius d, of main contour line or supplementary contour line
of hydrometeor scattering effect in accordance with the calculation method
described in formula (6.80).

@ Calculate critical angle ¥:

bsinw
Y = arctan | — (6.81)
2r, — bcosw
b sin w
= arct —_ 6.82
Yo = arc an<2rb+bcosa)> 6:82)

Y =91+ ¥ (6.83)

® If ¥ > ¢, the current angle w is consistent with the auxiliary contour line and
main contour line of hydrometeor scattering effect. Move to procedure step (10)
after calculation of w. Otherwise, move to procedure steps (4) to (9), until one
of the final conditions described in procedure steps (6) and (3) is satisfied.

rp declines by 0.2 km.

Use formula (6.81) to (6.83) to re-calculate the critical angle .

I£ 0.5b sin w/sin V7 < dmin, then the contour line of hydrometeor scattering effect
is consistent with the minimum coordination distance, then move to procedure
step (8) after completion of w. Otherwise, move to procedure step (7).

@ Calculate protection angle v = ¢ — .

® e
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Use antenna radiation reference direction figure to calculate antenna gain of
ground station G (v) with angle of protection v with respect to the beam.

® In formula (6.52), replace Gy with gain calculated using procedure step (8),
and use new r, value to calculate the path loss L, corresponding to hydrometeor
scattering effect. If L, < L;, (p,), increase r;, by 0.2 km and regard it as the current
line-of-sight distance, otherwise, repeat from procedure step (4).

Calculate the angle 6, with respect to position of earth station after calculating
the new r, value for current value of w, and distance to point of contour line d is

d = 0.5bsin w/ sin yr, (6.84)

Oy =w— 1Y (6.85)

The auxiliary contour line of hydrometeor scattering effect is symmetrical along
the main beam axis of the earth station. Therefore, corresponding values of d and
6, when value of w is between 181° and 359° are the same as the calculation result
when —w ~360°—w. In majority of the cases, 0.2 km increment step seems a suitable
value for rj,. Consider value of r,, as fixed; this value can control the precision of the
calculation result. d and 6, can use smaller step sizes when the elevation angle of
earth station’s beam is small.
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Chapter 7 ®)
Fade Mitigation Techniques e
and Propagation Analysis of Satellite

System Design

The radio wave propagation effects and propagation prediction methods for satel-
lite systems mentioned in the previous chapters are primarily utilized in satellite
system link reliability design and interference coordination analysis, but can also
be applied to satellite system performance evaluation. To overcome the difficulty
of system interruption caused by fading, the traditional anti-fading method used is
the system reserve margin method, that is, the attenuation value that should be less
than the communication rate of the system is estimated via propagation, and then
the power margin of the system is reserved according to the attenuation value. For
satellite systems operating at Ku frequency band and above, which experience severe
interruption by rain attenuation, if the high reliability requirements of the system are
to be met, a sufficiently large power margin must be reserved in the uplink. Now,
this not only increases the system construction and operation cost, but also appears
quite challenging to achieve in areas with frequently heavy rainfall. At the same
time, a very high transmit power can produce strong interference for other business
systems and make the interference coordination even more taxing. For the downlink,
reserving a large power margin becomes more challenging due to the load limitation
of the satellite; hence, certain flexible and effective anti-jamming technologies must
be adopted to ensure high reliability of the system as well as sensible use of the
resources. In addition, it can also reduce the interference between different interre-
lated systems. This chapter mainly introduces the anti-fading technology commonly
used in satellite communication systems and gives an account of the propagation
design process by taking a typical satellite system as an example.
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7.1 Link Performance Analysis of Satellite Communication
Systems

The basic form of satellite communication is illustrated in Fig. 7.1. The satellite link
consists of two communication loops: Earth station A transmits an uplink carrier
signal Fy; toward the satellite, while the satellite antenna and transponder receive
the signal. After frequency conversion (difference frequency) and amplification, a
downlink signal Fy is transmitted to the earth station B. As a modulated response,
the earth station B also transmits an uplink carrier signal F,, which is transmitted
toward the earth station A after being forwarded by the satellite, i.e., Fq,.

In the satellite communication system, the transmission quality of an analog signal
is determined by the ratio of the carrier power to the noise power at the input end
of the receiver, that is, the (carrier-to-noise ratio, CNR) C/N ratio. When digital
modulation is used, the communication quality is measured by the average bit error
rate (bit error ratio, BER) (or bit error rate) P,. The C/N ratio and bit error rate of
the satellite communication system are described in the sections below.

7.1.1 Carrier-to-Noise (C/N) Ratio

1. Satellite uplink carrier-to-noise ratio:
Considering the basic satellite link shown in Fig. 7.1, and assuming the satellite

adopts a transparent relay channel as the transponder, the Effective Isotropically

Fig. 7.1 Basic satellite
communication link

Earth station B Earth station A

Uplinks
= =-==== Downlinks
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Radiated Power (EIRP) of the earth station transmitter is PrGr, where Py is the power
transmitted by the isotropic point source (W), and the transmitted antenna gain is
Gr. During clear skies, the attenuation of the uplink signal only occurs in the form of
free-space attenuation, gaseous attenuation, and antenna tracking loss. Under severe
weather conditions, the effect of rainfall attenuation and cloud attenuation must be
considered as well. The uplink free-space attenuation is

L, = (4nd,/})* = (4md.fy/c)* (7.1)
The form expressed in dB is as follows:
L,=9245+201gf, +201gd, dB (7.2)

In the formula: d,, is the uplink length (km) and £, is the uplink carrier frequency
(GHz). The summation of uplink attenuation, such as gaseous attenuation, cloud
attenuation, and rain attenuation, is represented as L,,.

Assuming the gain of the satellite receiving antenna is G,, the carrier power
received by the satellite antenna is

C. = (EIRP)G,/L,L, (7.3)
The uplink noise power is given by
N, = kT,B (7.4)

where T, is the noise temperature (K) of the satellite receiving system, B is the noise
bandwidth (Hz) of the transponder channel, and & is the Boltzmann constant (1.38
x 1073 J/K).

Thus, the C/N ratio of the satellite uplink can be obtained as

C C EIRP\ (G, 1
—) == — )= (7.5)
NJ), N, L,L, T, ) \kB
In the formula: G,/T , is the gain-to-noise temperature ratio of the satellite antenna.
Putting free-space attenuation into Eq. (7.5), we get

(7).~ (7)) (2)()
=) = (= \—) (=)= (7.6)
N/, U J\andf,) \T,)\kB

If expressed in dB, it can be expressed as

(C/N), = [EIRP] + [G,/T,) — [L,] — [L,] — [B] +228.6 dB  (7.7)
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In the formula: [ ] represents 10lg (); according to the relationship C/Ny = C/N
x B (dB-Hz) between carrier wave power and noise power density ratio C/N, and
carrier-to-noise ratio, C/N can be obtained using the above calculation formula.

2. Satellite Downlink Carrier-to-Noise Ratio and Total Carrier-to-Noise Ratio:

The satellite receiver amplifies the received carrier-plus-noise signal, and after down-
conversion or up-conversion of frequency, followed by a power amplification, it is
retransmitted toward the earth by the satellite antenna. Assume that the carrier-plus-
noise signal retransmitted by the satellite has the same carrier-to-noise ratio as the
received carrier-plus-noise signal, that is, (C'/N’), = (C/N)u, denote the EIRP as
EIRP;, and when the satellite retransmits the carrier signal, that is, C’ = EIRPs, so
N’ = EIRPs/(C/N )u.

The propagating attenuated carrier-plus-noise voltage received by the earth station
is 5'(t) + n'(t) + ny(t), where ny(¢) is an additional downlink added to the White
Gaussian Noise with zero mean. Suppose L, is the downlink free-space attenuation,
then, L” is the synthesis of downlink gaseous attenuation, cloud attenuation, and
rainfall attenuation, and the receiving earth station antenna gain is G4, with T'; being
the noise temperature of the receiving earth station. The channel noise bandwidth is
also denoted as B. Then, the total carrier signal power of the satellite downlink is

EIRP; - G
C= E[S/z(l)] = Ld—L”d (7.8)

The concomitant noise power in the downlink due to uplink noise is

N, =E[n*()] = = N

N'-G; EIRP,(C\ !
Gy (7.9)
LdL// LdL//

u

The downlink noise N is still given by
N, = E[nj(t)] = kT,B (7.10)

Then, the total noise power at the receiving earth station is obtained as

N =N, +N, _ EIRP, (€ _IG +kT;B (7.11)
IR 778 VY S '

u

Therefore, the carrier-to-noise ratio of the satellite uplink and downlink can be
obtained as

C  (EIRP,-Gy/L,L") ! (7.12)
— = ] = _ —1 '
VTR k(6 ()

where (C/N), is the downlink carrier-to-noise ratio (1%) 4 of the satellite.
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The total carrier-to-noise ratio of the satellite uplink and downlink can be written
in the following form:

Cm o[04 (),]

7.1.2 Bit Error Ratio

In digital signal terminology, a binary digit is called a binit. For practical applications,
the information carried by a binit is defined as 1-bit information. The duration of a
bit is called the bit period.

Expressed in T'p, the bitrate is R, = TL}) The relationship between E,/N (the ratio
of energy per bit-to-noise power spectral density) and C/N (ratio of carrier-to-noise
power density) is as follows:

C/No

Ep/No = R
b

(7.14)

Taking the PSK (phase-shift keying) modulation system as an example, and
assuming the noise has a flat power spectrum, its ideal bit error rate P, can be
calculated using the following formula:

Py, = %erfc <\/f;z> (7.15)

In the formula: erfc(x) is the error complementary function, which is defined as

erfe(x) = (2/+/7) /oo e du (7.16)

Figure 7.1 lists the bit error rate calculation formulas of several digital modulation
processes. Taking BPSK (binary phase-shift keying) as an example, its ideal bit error
rate is shown in Fig. 7.2. Assuming the system requires a minimum bit error rate
of 5 x 1077, the corresponding [E,/Ny] value is calculated to be about 10.7 dB.
Assuming the clear sky [E;/No] value of the system is 16.5 dB, and the satellite
uplink operating frequency is 30 GHz, with the downlink operating frequency being
20 GHz, the satellite fixed point longitude is around 100.5°, and the ground station
is in the Qingdao area. The rain attenuation of 99.5% availability of the uplink
predicted by the rain attenuation prediction model is 11 dB, that is, the uplink [E;/
No]=16.5-11=15.5dB, then 5.2 dB of energy needs to be compensated to achieve
the minimum bit error rate standard. The predicted downlink rain attenuation with
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the same probability is 4.9 dB, and the rain noise is given by

T, = 260(1 — 107419 ~ 175.9 K

If the effective noise temperature of the receiving system is 400 K, the increase

in noise power is

Hence, the downlink [E/Ny] = 16.5 — 4.9 — 1.6 = 10 dB, which needs to be

101

400 + 175.9
7200

compensated by 0.7 dB (Table 7.1).

~ 1.6 dB

(7.17)

(7.18)

10+

10"

Bit error probability

5 10
EJN,/dB

Fig. 7.2 Ideal BPSK modulation performance

Table 7.1 Bit error ratio of
typical modulation methods

(1]

System modulation type

Bit error ratio

Direct encoding BPSK 1/2erfc(v/Ep/No)
QPSK 1/2erfe(v/E»/No)

Differential encoding | DE-BPSK | erfc(+/Ep/No)
DE-QPSK | erfc(v/Ey/No)
D-BPSK 1/2 exp(—Ep/No)
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7.2 Fade Mitigation Techniques for Satellite
Communication Systems

For satellite communication systems operating in the Ku frequency band and above,
the satellite-ground link attenuation tends to get increasingly acute, and the traditional
method of reserve margin fails to meet the reliability requirements of the system.
Anti-fading technology is required to cut back on the abrupt attenuation of the link
(mainly rain attenuation) and to compensate it suitably. Prevalent anti-fading tech-
nologies can be divided into three categories, namely, diversity technology, power
control technology, and adaptive signal processing technology, as shown in Fig. 7.3.
Practically, multiple anti-fading technologies are often put into operation at the same
time. For example, the ACTS satellite communication system in the United States
comprehensively implements link margin, uplink power control technology, adap-
tive error correction coding technology, and adaptive rate adjustment technology.
This section introduces and evaluates the anti-fading techniques commonly applied
in satellite communication systems.

7.2.1 Diversity

Diversity in telecommunication refers to the utilization of multiple communication
channels to combat link propagation attenuation and enhance the reliability of a
signal. There exist several diversity methods, such as site diversity, orbit diversity,
and frequency diversity.

1. Site diversity:

Due to the inhomogeneity of rainfall distribution, particularly heavy rainfall events,
such as torrential rain, always occur within a certain scale, (site diversity SD) which
is essentially based on this principle. For better reception of satellite signals under
reduced influence of rain attenuation, ideally, the two sites should have independent
rainfall distribution characteristics, and the distance between the sites must at least

Site diversity
Diversity technique{ Orbit diversity
Frequency diversity
Open loop

Rain ion mitigation techniq Power control technique

Uplink power control techniqueq Closed loop
Feedback loop
Downlink power control technique

Self —adaption correction coding

Self —adaption signal processing technique Self — adaption modulation
Self —adaption tr ission speed regulation

Fig. 7.3 Classification of commonly used fade mitigation techniques in satellite communication
systems
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Fig. 7.4 Schematic diagram Communication links
of site diversity g Commonication fnks

exceed the rain cell or rain belt radius during a heavy rainfall event. It is generally
believed that the distance above 10 km can fulfill these requirements.

Figure 7.4 is a schematic diagram of site diversity, where 0 is the elevation angle of
the satellite-ground path; d is the baseline distance between two sites A and B; and {r is
the angle between the baseline and the satellite link projected on the ground, called
the baseline azimuth angle. Baseline distance and baseline azimuth angle emerge
as the two most critical parameters affecting the diversity effect. As the baseline
distance increases, the instantaneous correlation of rain attenuation between the two
sites decreases; the ideal angle of the baseline azimuth is 90°, at which time the two
satellite links are optimally isolated in space. Site diversity is primarily suitable for
fixed satellite services. The experimental results portray that the method can increase
the link gain by 10-30 dB for the Ka-band satellite system.

The functioning of site diversity is often examined by the joint probability or
diversity gain of rain attenuation exceeding a given threshold. The following two
diversity stations are used as examples to introduce the corresponding prediction
methods [2].

(1) Prediction method for rain attenuation joint probability distribution of site
diversity.

This diversity prediction method considers that rainfall and rain attenuation events
follow a lognormal distribution. Let P, (A; > a;, A, > a,) denote the joint probability
distribution of the rain attenuation for the two concerned diversity stations, that is,
the occurrence probability of the rain attenuation of the first station of diversity A,
> a, and the rain attenuation of the second station of A, > a,. Defining p, as the
probability of simultaneous rainfall at the two stations, and pa as the conditional
joint probability that shows the rain attenuation exceeds a; and a,, respectively, in
the case of rainfall at both the stations, that is, p, = p (A; > a1, A, > a» | p,g). Here

[3]:
pr(A1 = a1,A2 > az) = 100 X pro X pa(%) (7.19)

The respective calculation formulas of p,y and p, are
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oo o0 2
pro = / f n-2emndnl, (7.20)
1 - ,02R (1 - 'Or)

r
1

o0 oo
1 a% —2p.a1ar + a%
= ——— exp| — dayda, (7.21)
P =12 / / p[ ( 2(1 - p2) S

Inay “MinAy Inay ~MinA,

%InA; “InAy

pr and p, can be defined as

pr = 0.7 exp(—d /60) + 0.3 exp[—(d /700)]
Pa = 0.94 exp(—d /30) + 0.06 exp[—(d /500)]

Thresholds R;, R, are solutions of the following equations:

o0

1 r?
””” =100 x Q(Ry) = 100 x exp|l —— |dr 7.22
O(Ry) = m/ P( 2) (7.22)
Ry
where
pzam
Ry = 7.23
=0~ <100) (7.23)

In the formula: mypa1, Mina2, 0 ma1, and o pa; are the lognormal distribution param-
eters of the station rain attenuation, which can be obtained by lognormal fitting
between the station rain attenuation A; and the corresponding time probability p;.
The fitting formula is shown in formula (7.24), and the specific fitting process can
be found in Sect. 3.4.1 of Chap. 3.

rain InA; — MMin A;
pi=p;"O| ———— (7.24)

OlnA;

In the formula: Ry, is the threshold of the kth station (k = 1, 2) and p"”” is the rain
probability of the kth station (k = 1, 2).

Taking the satellite-ground link of a certain site as an example, the operating
frequency is 20 GHz, the link elevation angle is 43.4°, the probability of rain at the
site is 3.9%, and the rainfall rate that exceeds 0.01% of the time is 78.27 mm/h. It
can be calculated that the 0.1% time probability of a single station is exceeded by
the rain attenuation of 11.72 dB, this means the system needs to compensate for the
attenuation of nearly 12 dB to achieve a passability rate of 99.9%. If the site diversity
technology is utilized, and the diversity distance is 20 km, the above prediction
method can be used to obtain the diversity joint probability p, (A} > 12, A, >
12), which is approximately 0.01%, which indicates that compensating for the same
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Fig. 7.5 Cumulative distribution of rain attenuation for single station and site diversity

rain attenuation after implementing diversity can increase the passability rate of the
system up to 99.99%. Figure 7.5 shows the cumulative distribution of rain attenuation
in case of single station and site diversity of the above link. It can be observed that
the site diversity can effectively circumvent the influence of rain attenuation on the
system, and thereby enhance the passability of the system significantly.

(2) Diversity Gain Prediction Method:

This method is suitable for the case where the distance of the diversity site is less
than 20 km and the frequency ranges between 10 GHz < f < 30 GHz. The prediction
formula for site diversity gain is as follows:

Gu=Gy-Gr-Gy- Gy (7.25)

where G is the distance gain factor between the two stations, which can be defined
as

Gy =a(l — ") (7.26)

a=0.784 — 1.94(1 — ¢~ 0114
b =0.59(1 — 04

Gy is the frequency gain factor, which can be defined as

Gy = e 0% (7.27)
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Gy is the elevation angle gain factor, which can be defined as
Gy =14 0.0066 (7.28)
G is the baseline azimuth gain factor, which can be defined as
Gy =14 0.002y (7.29)

Considering a satellite-to-ground link with a frequency of 20 GHz as an example,
the link elevation angle is 50.4°, and the 0.1% (p; = 0.1%) time probability of being
exceeded by rain attenuation is 11.18 dB. The site diversity parameters are as follows:
d = 10 km, 1y = 85°. Then, the diversity gain is calculated as follows:

a=0.78 x 11.18 — 1.94 x (1 - e‘o'”X“'lg) =7.35;
b =0.59 x (1 - 6‘0'1““8) = 0.40;
Gy = a(l — e”’d) =17.22;
Gr =0.61,Gy = 1.12, Gy, = 1.17;
G =Gy Gy -Gy -Gy =577 (dB).

It is evident that the site diversity brings a gain of 5.77 dB. Figure 7.6 illustrates
the effect of baseline distance d and baseline azimuth v on diversity gain. After the
baseline distance exceeds 10-20 km, the diversity gain barely shows any variation.
The research attributes this to the experimental data adopted for the modeling. This
interpretation needs further validation by additional experiments.

Diversity gain/dB

I 2 1 4 5678910 20 30 40 50

Baseline distance of site/km

Fig. 7.6 Relationship between diversity gain, baseline distance, and azimuth
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2. Orbit Diversity and Frequency Diversity:
(1) Orbit Diversity:

Orbit Diversity (OD) is divided into two ways: One is to optimize the number and
arrangement of satellites to avoid communication lapse in a low-elevation environ-
ment. The other is to allow the ground station to choose a more reasonable link for
communication between the two satellites with different orbital positions, according
to the path propagation environment. The second case is mainly discussed here.
Since the ground station is fixed, the diversity paths of orbit diversity possesses
strong correlation; hence, the anti-fading effect of orbit diversity does not appear as
evident as that of site diversity. The advantage of orbit diversity’s resource sharing
mechanism over site diversity’s anti-fading technology is that owing to a reasonable
means of resource sharing, satellites can offer resource sharing for multiple ground
stations, which is an effective way of enhancing the resource utilization efficacy. In
addition, orbit diversity also appears conducive in the event of failure of the preferred
satellite or other related emergencies.

Using the COMSTARD1 and COMSTARD? satellites, the SIR10 and OTS satel-
lites, and the OLYPUS and ITALSAT satellites, the researchers conducted experi-
mental studies on orbit diversity, and realized that the orbit diversity gain decreases
with the increase of the link elevation angle, and the diversity gain effect becomes
more detectable with the increase in frequency, and the normalized orbit diversity
gain can be increased by 30% at 12 GHz.

The assumption of orbit diversity is that there are satellites to choose from. At
the same time, to save the switching time between different links, the ground station
generally needs to be equipped with at least two sets of antenna systems.

(2) Frequency Diversity:

Frequency Diversity (FD) technology requires the satellite to carry loads of various
frequency bands. When there occurs an acute attenuation event in the Ka frequency
band and above, such as rainfall, the lower X frequency band or Ku frequency band
is selected for communication. Applying frequency diversity requires the ground
station to have two sets of receivers. Experiments demonstrate that when the system
switches between the Ku frequency band and the Ka frequency band, a gain of up to
30 dB can be obtained.

7.2.2 Power Control

The power control technology suitably changes the transmit power according to the
real-time attenuation of the satellite-ground link, to ensure that the signal power
received by the receiver fulfills the communication requirements. The power control
technology is also applicable to the uplink and the downlink, which are called Uplink
Power Control (ULPC) and Downlink Power Control (DLPC), respectively. Power
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control technology holds remarkable advantages over mere compensation for the
link attenuation with high transmit power. On one hand, it can prevent the satellite
transponder from being overloaded, and on the other hand, it can avert the interference
of long-term high-power transmission with other links and hence save resources. The
maximum link attenuation that the power control technique can compensate for is
equal to the difference between the maximum output power of the ground station
or satellite power amplifier and the output power required for the link to establish a
proper communication channel under clear sky conditions.

1. Uplink Power Control Technology [4]:

Uplink power control technology is the most commonly utilized satellite anti-fading
technology. When tropospheric events, such as rainfall, occur, the transmit power of
the ground end is increased to compensate for the attenuation on the link; in the case
of a clear sky, the transmit power of the ground end is reduced to avoid wastage of
resources. The ultimate objective is to ensure that the signal strength reaching the
satellite transponder remains constant.

There are three ways of operating uplink power control—pen loop, closed loop,
and feedback loop. Although closed-loop and feedback-loop control can significantly
enhance the control accuracy, a certain delay is observed (closed loop 0.26 s, feedback
loop 0.52 s), and the system is more intricate than the open-loop method. For practical
applications, open-loop control emerges more convenient to implement and has been
the most widely studied method. By suitably adjusting the parameters of open-loop
control, better control accuracy can also be achieved. In the open-loop method,
the satellite link attenuation is estimated by the ground-side observation equipment
together with the propagation prediction model, and the transmit power of the ground
station is adjusted accordingly. In general, the ground terminal monitors the link
attenuation (mainly rain attenuation) through the satellite downlink beacon signal or
the gaseous radiation signal received by the microwave radiometer.

When monitoring the link attenuation based on the satellite downlink beacon
signal, the uplink attenuation needs to be obtained through the conversion model.
For the specific method, see Sect. 3.4 in Chap. 3. When employing the microwave
radiometer to monitor the link attenuation, the calculation formula of the link
attenuation is as follows:

Ty

m s

where A is the link attenuation (dB), T, is the effective atmospheric radiation temper-
ature, generally 260 K, and T is the link radiation brightness temperature (K)
observed by the microwave radiometer. The microwave radiometer can get satu-
rated, and experiments and studies have shown that the link attenuation that can be
monitored by the radiometer should not exceed 13 dB.

2. Downlink Power Control
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The downlink power control technology ensures that the signal reaching the ground
terminal can fulfill the communication requirements by increasing the satellite down-
link transmission power. The downlink power control technology generally compen-
sates the downlink attenuation in two ways: one is to increase the power of the satellite
transmitter and the other is to adjust the satellite transmit antenna gain according to
the propagation environment to achieve the purpose of changing the satellite EIRP,
also known as the satellite carrier beam formation (on-board beam shaping, OBBS)
technology. The implementation of downlink power control technique is far more
complex than that of the uplink power control technique.

When downlink power control technology is applied, the received signal power
in the area covered by the satellite beam gets enhanced, which causes interference to
adjacent ground stations. Constrained by the satellite payload, the link attenuation
that can be compensated by increasing the power of the satellite transmitter is limited.
The beam forming technology is based on the space-borne active antenna array, and
the purpose of increasing the antenna gain, i.e., increasing the effective transmission
power, is achieved by reducing the size of the spot beam. Therefore, the uplink power
control technology is the most prevalent one for practical applications.

7.2.3 Adaptive Signal Processing

Adaptive signal processing (ASP) technology chiefly includes adaptive error
correction coding, adaptive modulation, and adaptive transmission rate adjustment
technology.

1. Adaptive Error Correction Coding:

The adaptive error correction coding technology compensates for the propagation
attenuation of the link by changing the coding rate. Considering the time-division
multiple access system as an example, Adaptive Forward Error Correction (AFEC)
is usually adopted to reduce the bit error rate, which can generally compensate for
the attenuation of 2—10 dB. A time-division multiple access satellite communication
system with 32 ground terminals operating at 11/14 GHz can achieve a coding gain
of up to 8 dB using AFEC technology. The American ACTS communication satellite
also utilizes the AFEC technology, which can compensate for the 10 dB attenuation
with the rate reduction technology.

2. Adaptive modulation:

Adaptive modulation technology is an adaptive transmission rate technology, where
the information bit rate changes with the modulation method. As an anti-fading
technology, adaptive modulation technology avoids the utilization of a large fixed
fading reserve to obtain high availability, reducing resource wastage and facilitating
the system to reach the maximum limit of its capacity, along with guaranteeing
high communication quality and data transmission volume. Through the statistical
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analysis of Bit Error Rate (BER) of the system, it is found that under ideal conditions,
the interruption time of the adaptive modulation system is Y4 times less than that of
the traditional 8-PSK system, and the data output increases by about 30% in 1 year.

However, adaptive modulation also presents new requirements for the system:
Firstly, the system requires proper communication equipment to support multiple
modulation schemes, and, secondly, it is vital to recognize the intelligence possessed
by the system for self-adaptation. In addition, the realization of an adaptive modu-
lation system must be premised on the reduction of the instantaneous data rate that
the system can tolerate.

3. Adaptive transmission rate adjustment:

The adaptive transmission rate adjustment is to adaptably adjust the transmission rate
of the signal according to the propagation attenuation of the satellite-ground link.
The gain obtained by using this technology is proportional to the ratio of the standard
signaling data rate to the reduced signaling data rate. The adaptive transmission rate
adjustment technology needs the system to reserve frame time slots to achieve burst
rate reduction, and the relative effective available capacity of the system is

1
Carg = —————— 7.31
TS F®Ry — 1) (731

In the formula: F is the ratio of the number of channels that need to be reduced
to the total number of channels; R) is the ratio of the standard signal data rate to
the reduced signal data rate, which is equal to the time frame extension. When the
transmission rate is reduced from 2048 kb/s to 1024, 512 to 256 kb/s, in turn, gains
of 3, 6, and 9 dB can be obtained, respectively.

7.3 Propagation Analysis of Typical Satellite System Design

The satellite systems operate at bands ranging from UHF to EHF, and radio waves
in different bands are affected differently by the ionosphere and troposphere. For
example, satellite systems using low-frequency bands are primarily affected by iono-
spheric propagation effects, while the ones working at high-frequency bands (greater
than 3 GHz) are mainly affected by convection layer. These propagation effects must
be considered in system design. For the 3-10 GHz band, due to the small influ-
ence of ionospheric propagation effect, mainly tropospheric gaseous attenuation,
cloud attenuation and tropospheric scintillation, rain attenuation, and rain-induced
depolarization effect can be considered. The design process can refer to the satel-
lite system design above 10 GHz band. In this chapter, the propagation effects and
broadcast design process of satellite systems operating below 3 GHz and above
10 GHz are introduced, along with a brief introduction about the propagation design
of mobile-satellite systems.
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7.3.1 Propagation Analysis of Fixed Satellite System Design

7.3.1.1 Propagation Design of a Satellite System Operating
in Frequency Band Below 3 GHz [5]

For satellite systems operating in the frequency band below 3 GHz, the propagation
effect generated by the radio wave environment mainly occurs in the ionosphere,
and the effects of Faraday rotation, group delay, and time delay dispersion caused
by the ionosphere need to be considered. Furthermore, in some cases, allowances
must be also made for ionosphere, scintillation, polar zone absorption, and polar-cap
absorption. The associated content is described thoroughly in Chap. 5 of this book.

Considering the impact of the ionosphere on the satellite system, the following
parameters need to be determined: system frequency f (GHz); percentage time to
reach preset performance indicators (annual deviation); polarization deflection angle
T (°); link elevation angle 0 (°); the latitude ¢ (°) of the ground station, represented
by north latitude N or south latitude S, the north latitude is positive and the south
latitude is negative; the longitude § (°) of the ground station, represented by east
longitude E or west longitude W, east longitude is positive, and the west longitude
is negative; and the altitude is A, (km).

Majority of the ionospheric propagation effects require the determination of the
total electron content of the ionospheric path, TEC; thus, the accurate calculation of
TEC for the signals in the ionosphere is the first crucial step. For some systems, if
accurate TEC is not available, the TEC value can be estimated using the following
method: TEC = N,,F, x Hga, Wwhere N,,F, represents the maximum electron
density of the F»-layer and Hgy,, represents the equivalent plate thickness of the
ionosphere, which is generally 300 km.

Figure 7.7 demonstrates the propagation design process of the satellite system
in the frequency band below 3 GHz. The calculation method of ionosphere-related
effects is described in depth in Chap. 5.

7.3.1.2 Propagation Design of Satellite Systems Above 10 GHz [5]

Satellite systems operating at Ku/Ka/Q/V bands are predominantly affected by tropo-
spheric propagation effects. This section introduces the propagation effects that are
crucial to be considered in the design of geostationary satellite systems for the
above-mentioned frequency bands.

1. Propagation design of Ku-band satellite system:

This section mainly introduces the propagation design process of Ku-band Fixed
Satellite Service (FSS) system, low-margin Ku-band FSS system, and Broadcast
Satellite Service (BSS) system.

(1) Propagation design of Ku-band FSS system [5]:
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The propagation effect prediction method is applied to the Ku-band FSS system
design, and the final system parameters (antenna size, beam width, transmission
power, etc.) are determined based on the overall performance requirements of the
system (link availability, interruption time, etc.). The passability of the Ku-band
FSS system design is generally 95-99.99%, and the influence of rain attenuation
is primarily considered in the system design. If the elevation angle of the space-
earth link is lower than 20°, tropospheric scintillation fading must be considered as
well. After measuring the above propagation effects by using diverse propagation
effect prediction methods provided in Chaps. 2 and 3, comprehensive attenuation can
be calculated by using the method of gaseous comprehensive attenuation provided
in Sect. 3.10. When the system adopts frequency multiplexing, the rain-induced
depolarization effect and ice crystal depolarization effect need to be considered as
well. Figure 7.6 illustrates the propagation design process of the Ku frequency band
FSS system. Please refer to the relevant previous sections in this book for calculation
methods of different propagation effects (Fig. 7.8).

When the system utilizes anti-fading technology, the further design flowchart is
shown in Fig. 7.9.

(2) Propagation design of low-margin Ku-band FSS system [5]:

Low-margin Ku-band FSS systems generally adopt very small-aperture terminal
(VSAT) systems, and their power margin is quite low, usually 1-3 dB, with the
corresponding system pass rate being 99-99.5%. To fulfill the requirements of the
possibility, together with rain attenuation, propagation effects, such as cloud and
gaseous attenuation, need to be considered as well. The propagation design flowchart
of the low-margin Ku-band FSS system is shown in Fig. 7.10.

(3) BSS system propagation design:

Currently, the downlink of the direct-to-household BSS system predominantly works
in the Ku frequency band range, and the specific frequency band allocation is 11.7—
12.5 GHz in the first area, 12.2-12.7 GHz in the second area, and 11.7-12.2 GHz in
the third area. The uplink generally works at 17.3—-16.1 GHz. The propagation design
of the BSS system must make allowances for effects of gaseous attenuation, rain
attenuation, and cloud attenuation. Ground terminals generally use small-aperture
antennas, and the EIRP of the satellite system is 6 to 10 dB larger than that of the FSS
system. Its system performance is not evaluated using annual average statistics but is
determined by the worst-month link availability. Figure 7.11 shows the propagation
design flowchart of the BSS system.

2. Propagation design of Ka-band satellite system [5]:

At present, the Ka-band satellite system is widely utilized. This section introduces
the propagation design of the Ka-band FSS system and the low-margin Ka-band FSS
system.

(1) Ku-band FSS system:
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In addition to gaseous attenuation and rain attenuation, the propagation design of Ka-
band FSS system must consider the tropospheric scintillation effect as well. When
the system adopts frequency multiplexing, it is also essential to consider the rain-
induced depolarization effect and the ice crystal depolarization effect. The Ka-band
FSS system propagation design flowchart is shown in Fig. 7.12, and the anti-fading
technology design flowchart is shown in Fig. 7.9.

(2) Low-margin Ka-band FSS system:

Analogous to the low-margin Ku-band FSS system, the low-margin Ka-band FSS
system generally adopts the VSAT system, where the link power margin is generally
1-3 dB, and the corresponding system passability is 99-99.5%. The influence of
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gaseous attenuation, cloud attenuation, and rain attenuation needs to be considered
for the system design. Figure 7.12 demonstrates the propagation design flowchart of
the low-margin Ka-band FSS system, and the design flow of anti-fading technology
is shown in Fig. 7.9.

3. Propagation design of Q/V frequency band satellite system:

Q/V frequency band FSS system’s uplink frequency range is 47.2-50.2 GHz, the
downlink frequency range is 37.5-40.5 GHz, data transmission rate is up to 3 Gb/
s and is mainly utilized for broadband multimedia services, VSAT, and direct-to-
household services. Propagation effects that need to be considered in the design
of Q/V band FSS systems include gaseous attenuation, rain attenuation, and cloud
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attenuation. When the elevation angle of the satellite-ground link is less than 20°,
the tropospheric scintillation effect needs to be considered as well. When the system
adopts frequency reuse or multiplexing, it also becomes essential to consider the
rain-induced depolarization effect and ice crystal depolarization effect. Figure 7.13
shows the propagation design flowchart of the Q/V frequency band FSS system, and
the design flowchart of the anti-fading technology is shown in Fig. 7.9.
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7.3.2 Propagation Analysis of Mobile-Satellite Service
System Design

In addition to the aforementioned effects produced by the troposphere and iono-
sphere on the satellite systems, the mobile-satellite system also needs to weigh the
various unique propagation effects stimulated under diverse application scenarios
in the system design. For example, the maritime mobile-satellite system mainly
considers the reflection of the sea surface and the interference effect of adjacent
satellites; the land mobile-satellite system primarily considers the shading effect of
land, vegetation, and buildings, as well as the statistical calculation method under
mixed propagation conditions; and the aeronautical mobile-satellite system mostly
only considers the sea surface. The reflection fading effect and the propagation effect
brought about by the multipath calculation method of approach and landing of an
aircraft are shown in Fig. 7.14. Refer Chap. 4 for a detailed introduction as well as
the particulars of the corresponding propagation calculation methods.
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