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Conditions: A Review

Calculo de los cambios en la figura de mérito de las
estaciones de usuario (G/T) en funcion de las condiciones del
enlace: una revision
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ABSTRACT

Activities such as the design and optimization of satellite constellations for telecommunications, communication solutions
engineering, or GEO/non-GEO satellite inter-system coexistence applications benefit from methods to compute changes in Earth
station equivalent noise temperature, a product of the dynamic nature of link geometry and the propagation channel. This paper
addresses said requirement. Starting with a review of the user terminal G/T and Earth station noise temperature, methods are
developed to compute the change in noise temperature introduced by varying elevation angle and propagation channel conditions.
These methods are useful for engineering analyses when the noise contributions from each component of the Earth station receive
chain are not known, especially considering the increased impact of clouds and gasses on GEO and non-GEO links operating in
frequencies of the Q, E, and W bands. Examples of use and benefits are provided, as well as considerations on the applicability and
validity of the methods.
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ABSTRACT

Actividades como el diseno y la optimizacion de constelaciones de satélites para telecomunicaciones, la ingenierfa de soluciones
de comunicacion o las aplicaciones de coexistencia intersistémica entre satélites GEO y no GEO se benefician de métodos para
calcular los cambios en la temperatura equivalente de ruido de la estacion terrena, un producto de la naturaleza dinamica de la
geometria del enlace y del canal de propagacion. Este articulo aborda dicho requerimiento. A partir de una revision de la G/T
del terminal de usuario y de la temperatura de ruido de la estacion terrena, se desarrollan métodos para calcular el cambio en la
temperatura de ruido introducido por la variacion del angulo de elevacion y de las condiciones del canal de propagacion. Estos
métodos son Utiles para los analisis de ingenierfa cuando no se conocen las contribuciones de ruido de cada componente de la
cadena de recepcion de la estacion terrena, especialmente considerando el mayor impacto de las nubes y los gases en enlaces
GEO y no GEO que operan en las bandas Q, E y W. Se presentan ejemplos de uso y beneficios, asf como consideraciones sobre la
aplicabilidad y validez de los métodos.
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ruido
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Introduction are available, which necessitates models that help
to determine the system noise temperature both in
clear weather (Tsys, cw.) and under degraded conditions
(Tsys, rain), including the effects of elevation angle variations,
all in the presence of limited technical data. Such cases
arise in the preliminary design of geostationary (GEO)
and non-geostationary (non-GEO) satellite communication
systems, especially during the procedures associated with
the preparation of regulatory filings for satellite networks,
or in scenarios involving inter-service spectrum sharing,
such as [3, 4], which often use an aggregate system noise
Where possible, the system noise temperature Ty should temperature value without reference to a receive chain
be computed while considering the path propagation loss (in ~ model or detailing the contribution of each element of
clear weather or rain conditions) and its effect on antenna  the chain. A proper understanding of the reasons for
noise temperature, which requires an Earth station receive  the expected changes in system noise temperature is of
chain model and full knowledge of its components (e.g.,  particular importance considering the frequency allocations
radome and feeder losses, low-noise block down-converter,

or LNB, and receiver noise temperawres)- ' Electronics engineer, Universidad Pontificia Bolivariana, Colombia. Master

. in Engineering, Universidad Pontificia Bolivariana, Colombia. Affiliation: Senior
However, there are scenarios where not all the elements manager, Fleet Advancement, SES, Luxembourg. Email: Luis.emiliani@gmail.com

required for calculating the Earth station noise temperature
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The accurate characterization of the noise temperature at
the ground station of a satellite communication system
(henceforth known as the Earth station) is fundamental in
the analysis of satellite links [1, 2]. Earth station noise
temperature plays a critical role in calculating the carrier-
to-noise ratio (C/N) of the space-to-Earth link, and, in the
context of inter-system coordination, it is used to analyze
the interference-to-noise ratio (I/N) experienced at a victim
Earth station.
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to the space-to-Earth (s-E) path in higher frequency bands
such as Q (37.5-43.5 GHz), E (71-76GHz), and W (123-
130GHz) for GEO and non-GEO satellite communications
system [5], where the attenuation (and associated radio
noise) due to gas and clouds under clear-sky conditions
should not be ignored.

Considering that the prevailing approach in the literature
is to start from complete knowledge of the receive chain,
with access to all the information required for system
temperature calculations (i.e., Tynt, TraD, T feed, Ting), the
purpose of this paper is to review the simplified methods
used when the only available information is an aggregate
value of Tgys. These methods aim to help communication
systems engineers carry out activities related to solutions
engineering, constellation capacity analysis, system design,
and critical regulatory procedures such as satellite network
filings and inter-system co-existence. The minimum amount
of data required is either the value of G/T (which can be read
from a manufacturer datasheet and from which a Ty value
could be derived) or b) the total noise temperature. To this
effect, a typical reference Earth station noise temperature
model is used to develop expressions aimed at computing
noise temperature changes under various conditions, which
can be used to analyze wanted and interfering links,
relying on statistical methods for propagation impairment
calculations.

The paper is structured as follows. First, the concepts of
figure of merit (G/T) and Earth station noise temperature
are revisited. Subsequently, the methodology used to
develop the two contributions of this paper is presented,
followed by the derivation of each model and a study of
potential avenues to simplify the resulting equations. After
developing the two methods, numerical applications are
provided as an illustration. Finally, the paper provides some
conclusions and opportunities for further developing the
proposed models.

The figure of merit of an Earth station:
definition and background

The quality of the received signal in a satellite
communication system, quantified by the carrier-to-noise
ratio, is largely dictated by the characteristics of the receiving
system. The main parameter used to characterize the receive
capability of a satellite Earth station is the figure of merit, or
G/T, mathematically expressed in linear units as follows [2]:

G -nl) o

where g is the composite receive system gain; and Tyys,
expressed in Kelvins, is the receive system’s total noise
temperature. [-] indicates that the value in the brackets is in
decibels. As previously mentioned, G/T directly influences
the receive carrier-to-noise power density ratio, =, which

I\_Io’
is computed as follows [1]:

C . 1
No =Transmitter EIRP - 7T ¥ (2)

with k being the Boltzmann constant (1.380649 + 102 J/K),
and / the total path loss.
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Establishing a reference model for Ty, the Earth
station equivalent noise temperature

In Eq. (1), the system gain ¢ and the system noise
temperature Ty, are computed up to a reference plane in
the receive chain, usually placed at the input of the first
amplifying stage of the Earth station, the low noise amplifier
(LNB). The accumulated gain up to the reference plane
includes the contribution of the antenna and any losses
introduced by passive elements in the signal path.

The second component required to calculate the G/T is
the system noise temperature. To illustrate the concept
of equivalent noise temperature, Fig. 1 provides a generic
representation of a compact satellite user terminal pertinent
to the scenarios mentioned in the introduction. The figure
presents the elements used to construct the reference
system noise model: the antenna subsystem, including a
radome structure; a passive network connecting the antenna
to the LNB; and the LNB itself.
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Figure 1. Reference user terminal diagram, reference plane, and noise
contributions
Source: Author

Considering that, in satellite communication systems, the
level of the received signals could be in the order of
picowatts and comparable in magnitude to the system'’s
thermal noise power levels, the treatment of noise in general
has been the subject of various research works, as well as
the contribution of the various elements in a receive chain to
the total system noise. Among the most complete works on
the topic of satellite ground station system noise are those
conducted in the context of the deep space missions of
the National Aeronautics and Space Administration (NASA)
[6], which include system configuration, total system noise
[7, 8], and atmosphere-induced noise [9]. Furthermore,
on the topic of antenna noise temperature, a detailed
background can be found in the works associated to the
development of the Square-Kilometre Array (SKO) [10]
and the next-generation Very Large Array (ngVLA) radio
telescopes [11, 12, 13].

In this work, the system temperature model is constructed
while applying the principles described in [8]. Recalling
that the noise temperature of a passive network regarding
its output is T = T, - (1 - l]jl), the total system noise is

expressed as follows:
Tan’f

Tsys = T + Tep - (1 - 1}1) + TiNs, 3)



where:

o Tt (K) is the antenna’s noise temperature

e [, with a magnitude greater than 1, is the feeding
network loss in linear units, i.e., 10011

e Tty (K) is the feeding network’s physical temperature

o Ting (K) is the equivalent noise temperature of the
LNB

In Eq. (3), the feeding network consists of a passive network
connecting the antenna flange (usually a reflector antenna) to
the LNB. In very small user terminals, this passive network
may be a single waveguide, but, in larger Earth stations,
the passive network may include waveguide switches —
especially when redundant LNB systems are installed— or
filters designed to reject unwanted portions of the spectrum
for interference reduction (e.g., 5G interference mitigation
filters widely used in C-band Earth stations). In this model,
we lump the losses of any passive elements between the
antenna flange and the LNB into an equivalent loss value.

Origin of the dependence of Ts,s on the elevation
angle and propagation channel conditions

The model presented in Eq. (3) exhibits an Earth
station elevation angle dependence that originates from the
contribution of the antenna’s noise to the total system noise.

The antenna temperature Tyt (0, @) is the product of G(6, ¢),
i.e., the antenna radiation pattern, with the distribution of
sky and Earth noise over the azimuth and zenith angles (0, ¢)
in the spherical coordinate system [14]. It is composed of
contributions from the sky, including background radiation
and atmospheric contributions (gasses, rain, clouds), and
emissions from the Earth, e.g., reflected sky emissions
captured by the portion of the radiation pattern that
intercepts the ground.

In the absence of a radome, under clear weather conditions,
the antenna temperature is

Tant, wo. RAD = Tsky + Tgnd- (4)

Including the effects of a radome, it is

Tn WO. —
T = —two. RAD Trap, p - (1 = Ighp) (5)

IraD

Decomposing Eq. (5) yields the following:

Tsk T d ~
Tant = Y _snd + TRAD,p . (1 _ ZR}%D)
Irap  IRAD
1 T, Ton
- ’ = - + Tatm, cw.) + gd
IRAD latm, CW. IRAD
+ Trapp - (1 - o)
TBO TMR 1 Tgnd
B s e St +
latm, CW. " ZRAD lRAD ( atm, C-W-) lRAD
+ Trapp - (1 = Ighp)-
(6)
In Eq. (6),
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e Ty is the sky’s contribution to the antenna noise
temperature (T, + Tatm, cw.)

o Tg, is the cosmic background’s brightness temper-
ature, which can be estimated as a function of
frequency [14]:

B

n) @)

f

where Tevp=2.73 K, Tg=20 K, fo=408 MHz,

and $=2.75, which, for practical purposes, can be

approximated as =~ 2.73 K

Tso(f) = Tems + Tgo - (

® T.m, cw. denotes the sky’s brightness, ie., the
equivalent noise temperature of the atmosphere in
clear weather, defined as Tam, cw. = Tmr - (1 —
-1

latm, C.W.)

® l.m, cw. represents the loss due to gases (O, and
water vapor) and clouds in clear weather (expressed
in linear units)

o T\ is the atmosphere’s mean radiating temperature,

e Tgnq signifies the ground contribution to the antenna
noise temperature

e Trap, p denotes the radome physical temperature

e [rap is the radome loss

All temperatures are in Kelvin, and all losses in linear units
are greater than one ( >1).

Given the antenna temperature’s dependence on the
characteristics of the radiation pattern and the path length
through the atmosphere, Tane will vary with the antenna
elevation angle towards the satellite: firstly, because the
slant path length increases with a decreasing elevation angle,
thus increasing the magnitude of the contribution from the
atmosphere (gas, clouds in clear weather); and secondly,
because the ground contribution to the antenna noise will
increase with decreasing elevation angles as the portion
of the antenna beam solid angle occupied by the ground
increases.

Problem context and methodology

Context

As mentioned in the introduction, there are various practical
cases in satellite communication systems engineering where
it is necessary to conduct link analyses with limited data|for
instance, when developing specifications for user terminals,
or when optimizing connectivity solutions in a multi-orbit
environment. In these cases, only an aggregate value of the
target G/T is known or assumed and is held constant across
all potential link configurations. Such assumption yields sub-
optimal satellite and ground resource consumption results.

Additionally, when working with regulatory information
related to satellite networks, such as that contained in ITU-R
filings in the context of inter-service sharing, Earth station
noise temperature data are not detailed. For Earth stations,
the technical information required in a regulatory filing
includes the parameter noise_t, defined as the total noise
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temperature of the receiving system (expressed in Kelvins),
referred to the antenna plane, which corresponds to the
output of the receiving antenna. No information related to
Earth station components or the reference elevation angle
is given. Moreover, the data supplied in compliance with
Appendix IV of the Radio Regulations include the lowest
noise temperature value, referred to the antenna plane,
applicable across the minimum and maximum elevation
angles of operation of the Earth station. The definition
of item C.5.b reads: "this value shall be indicated for the
nominal value of the angle of elevation when the associated
transmitting station is onboard a geostationary satellite and,
in other cases, for the minimum value of the angle of
elevation."

Another regulatory scenario to consider corresponds to the
procedures recommended by the ITU-R for the coexistence
between GEO and non-GEO networks in the Q/V bands
and contained in Resolution 770 of WRC-19 [3] and ITU-
R Recommendation no. 2157 [15]. The former presents
sets of parameters for reference links using GEO satellites
in the Q band (37.5-42.5 GHz, space-to-Earth), to be used
in multiple permutations of link configurations that include
different user terminal sizes (0.45, 0.6 m), elevation angles
(20, 55, 90°), and locations on Earth. All cases share a single
value for the user terminal’s total noise temperature (340 K),
without considering antenna sizes, locations, or elevation
angles, aspects that impact the antenna noise temperature.

Thus, the objective of this paper is to develop equations for
calculating the changes in the Earth station system noise
temperature and, therefore, in the G/T, as a function of
changes in the satellite link (due to changes in elevation
angle or to increased attenuation), in order to support the
analysis of the aforementioned scenarios.

Methodology

The methods developed herein followed a three step
process, with the reference system temperature expressed
in Eq. (3) as a starting reference point:

1. The reference equation for an increased system
noise ATy is formulated as the difference between
the reference model and that corresponding to
the conditions under analysis (e.g., changes in the
elevation angle or increased attenuation).

ATsys = Lsys, reference — Tsys, condition (8)

2. The expression for ATy, is expanded, and the
elements that remain unmodified are eliminated.

3. The resulting expression for AT, is analyzed,
identifying avenues for further simplification.

The following sections will apply this process to two link
engineering scenarios:

1. Computing the increase in total system noise
temperature due to changes in the operating elevation
angle under clear weather conditions.

2. Computing the increase in total system noise
temperature due to the presence of rain in the
propagation path.
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Computing the increase in Earth station noise
temperature using the elevation angle under
clear weather conditions

Changes in the clear weather system temperature
with the elevation angle

This subsection applies the general methodology to a case
appearing in inter-system coordination and system capacity
calculations: the user terminal is characterized by means
of a single G/T, without an explicit definition of the noise
temperature values for the components of the receive chain
at a known elevation angle. This case is typical in the design
of satellite constellation concepts and in service performance
estimations, which include parametric analyses that involve
developing the specifications of the user terminal.

As mentioned in the background section, considering that
the antenna temperature depends on the elevation angle, the
use of a fixed value can lead to the over- or underestimation
of the system capacity or the required spacecraft or ground
terminal power resources.  This section develops an
equation to estimate the changes in the Earth station noise
temperature that stem from changes in the elevation angle.
This is done through statistical methods for atmospheric
attenuation prediction. The proposed model includes the
following expression:

ATsys(elr 92) = Tsys,CW(QZ) - Tsys,C.W(Gl) 9)
with 6; being the elevation angles.

The system temperatures for each elevation angle 6; and
02, as shown in Eq. (9), can be expanded while noting that
the noise contributions due to feed loss and the LNB remain
constant with changes in the elevation angle, and assuming
the ground emissions contribution to vary only slightly (i.e.,
less than about 5 K) with changes in the elevation angle. The
implications of this assumption will be discussed once the
model has been fully presented.

Proceeding,

1
ATsys(elz 92) = E . (Tant,C.W(QZ) - Tant,C.W(Gl)) (10)

Noting that the background radiation contribution Tpo
is independent of the elevation angle, the following is
considered to further simplify the model:

e The radome loss and its effective noise contribution
can be regarded as independent of the elevation
angle. This may not be the case for complex radome
structures, as it depends on the characteristics of the
radome (shape, materials, number of layers, etc.).

e The physical temperatures for operating at two
different elevation angles can be assumed to be
identical under clear weather conditions.

This yields:

T 1 1
ATs(61, 02) = — Y% ( l )

I -Ikap \Latm, cw(61)  Lam, cw(62)

(11)
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In Eq. (11), ATsys(01, 02) can be either positive or negative, Table 1. Values of B, for various frequencies, computed using a
since the attenuation contribution at one elevation angle standard atmospheric profile for a station at sea level as well as a

. e lobal gri
could be higher than the contribution at the other. global grid
The attenuation under clear-sky conditions (Itm, c.w) Frequency (GHz)  BostD  BoMedian
comprises the gas and cloud contributions.  For the 4 0.991  0.991
. . . . . . 11 0.987 0.987
purposes of link analysis relying on statistical models, it 12 0986  0.986
is usgally computed at a 50% exceedanFe va}lue. For bot'h 18 0969 0968
impairments, the atmospheric attenuation (in decibels) is 29 0.891 0.893
computed according to current ITU-R models [16, 171: 38 0.925 0.919
42.5 0.892 0.885
1 71 0.695 0.684
Latm,c.w(0) = Latm, cw (zenith) - —— (12) 73 0.753 0.739

sin(6)’

Source: Author
which, when transformed into linear units, results in

(0 L, v (cemithy 2 ) known elevation angle, which is limited by both the validity
— L L-Latm, C. el . . .

latme, (6) = 10 e (13) " of the cosecant scaling assumption and the magnitude of
the contribution of ground emissions to the antenna noise

Eq. (13) can be expressed in terms of the zenith transmission temperature. This will be further explained in this paper.

coefficient as defined in ITU-R Recommendation S.733 [18]:
Fig. 3 compares the output of the equation for elevation

angle scaling against reported antenna temperature data.
The data consist of four pairs of (elevation, T,n) values, per
polarization, for a 1.2 m Ka-band terminal [20]. The upper
figure presents the values of Ty, cw. as a function of the
elevation angle, with dashed lines used to denote the scaled
values and solid ones representing the manufacturer data.
The relative error, expressed as a percentage, is reported in
the lower figure. The overall error is below 5% for elevation
Substituting Eqs. (13) and (14) into (11) yields the following  angle values above 10°. The scaling equation was applied
the expression for A Tgys: using the 07 = 20 data point as reference and computed at
the antenna mid-band frequencies of 20.25 and 20.3 GHz
for the linear and circular pol, respectively.

Bo = 10(—041-La¢m, cw(zenith)) (14)

The zenith transmission coefficient is the inverse of the
atmospheric loss at the zenith. Its value lies between zero
and unity, with a value closer to the latter indicating that
the attenuation caused by the atmospheric constituents is
lower|and, therefore, the noise contribution.

ATsys(le 0,) = lrzﬂ% ( 65(3(91) _ ‘BSSC(GZ)) (15)
fRAD Limitations of the elevation angle scaling model

For convenience, Table 1 provides the values of the As indicated in the development of the equation, the
zenith transmission coefficient for various frequencies of ~ proposed scaling model has limitations. The most relevant
interest, as computed for two sets of conditions. The first ~ ones are presented below.

case uses the atmospheric pressure, water vapor content,

and temperature from the standard atmospheric profile a. Limitations arising from the ground contribution
contained in [19], without including cloud contributions, to the antenna noise. The development from Eq.
for a station at sea level (ie., 0 km altitude). The (9) to the Model (15) assumed that the changes in
second case uses the current ITU-R methods for gas and the contribution to antenna noise arising from ground
cloud attenuation to compute the median value of the emissions could be ignored. The magnitude of the
transmission coefficient over a global grid. Computing the ground contributions to system noise is linked to the
transmission coefficient using a standard atmospheric profile characteristics of the radiation pattern of the antenna
is convenient since it is location-independent. However, and, more specifically, to the portion of the pattern
for frequencies above 22 GHz (excluding the water vapor that is directed towards the ground. Therefore, these
absorption windows), the computed value will be closer to contributions should be more significant in cases
unity compared to the value considering the water vapor where the antenna exhibits high gain towards the
and the cloud liquid water content of the atmosphere. As ground, which may be the case when operating at
the frequency increases, the value computed using only grazing angles. Conversely, ground contributions
gas contributions and a standard atmosphere becomes less are expected to be small at elevation angles above
reliable. around 10° or above the null-to-null beamwidth value

of the antenna radiation pattern. Failing to model
the capture of radiation from the ground imposes a
restriction on the validity of this method to elevation
angles above 10° (as seen in Fig. 3), where the
contribution of ground emissions to antenna noise
should be small. Moreover, it must be noted that,
for antennas with a small effective aperture, a wide
main lobe, and a high sidelobe profile, as well as
Eq. (15) can be used to estimate the change in the equivalent for phase array antennas with patterns depending on
antenna noise temperature with respect to the value at a the characteristics of the steering and the orientation

To complement Table 1, Fig. 2 illustrates the variation in
the value of By with geographical location. The coefficient
is computed for a 50% probability of exceedance and a
frequency of 42 GHz. While the median value over the
coordinate grid is close to that computed using the standard
atmospheric profile, the differences between tropical and
temperate locations become apparent.
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Figure 3. Evaluation of the error performance of Eq. (15) in scaling the
antenna noise temperature of a 1.2 m Ka-band terminal from the
known value at a 20° elevation. The median value of f is used at the
mid-band frequencies of 20.25 (0.9385) and 20.3 GHz (0.9374).
Source: Author

of the RF aperture, this simplified model may not
be accurate even at elevation angles close to 20°,
as the antennas may still exhibit a non-negligible
gain towards the ground. For antennas mounted
on airplanes or ships, the structure’s contribution
to antenna noise also affects the magnitude of the
ground noise contribution and impacts the validity of
the model.

b. Limitations arising from the cosecant scaling
assumption. The cosecant scaling assumption (i.e.,
the use of smlw to scale attenuation) is present in
the ITU-R statistical models for predicting both gas
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and cloud attenuation [16, 17]. Cosecant scaling has
shown increased prediction errors when used with
angles below 20° for cloud attenuation [21] and below
5° for gas attenuation, where [16] recommends a
ray-tracing procedure. Therefore, and especially for
frequencies in the 100 GHz range, the applicability
of the method for scaling under clear-sky conditions
below 20° is limited.

Developing a method to compute the
increases in Earth station noise temperature
in the presence of rain

General formulation for the changes in system noise
temperature due to the presence of rain in the space-
to-Earth path

The analysis of the increase in noise temperature due to
atmospheric attenuation (i.e., when the link experiences
rain) increases in relevance commensurately with an
increase of frequency of operation. As explained in previous
sections, understanding the increase in noise temperature is
necessary to account for the total degradation experienced
by the link, which is composed of the attenuation in the
path and the increase in system noise temperature. Recall
the expression for total system downlink noise degradation
(DND) [22] :

(16)

TS S, rade
DND = 4 +10- logy =27,

Tsys, CW

with A (in dB) being the total attenuation experienced by
the link (i.e., the sum of rain, gas, clouds, and tropospheric
scintillation). If the only figure available to the designer is a
total system noise temperature under clear-sky conditions,
the application of the total system degradation expression
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is not immediately possible. Thus, the issue lies in a. When the losses between the antenna flange and the
determining Tys, faded When the reference conditions for the LNB are small: as the losses (in linear units) tend to 1,
clear weather computations are not explicitly known. It is their contribution tends to zero. This is the case with
for this situation that an expression to quantify the increase terminals such as video or broadband direct-to-home
in system temperature with respect to the known clear-sky (DTH) terminals.
values becomes useful, as will be further explained in this ) ) )
section. b. When the change in the physical temperatures 6T, is
' very small: as physical temperatures, Tr,, and T, are
Note that the equivalent system temperature under fade expected to differ during rain events where the surface
follows the model in Eq. (3): temperature is slightly lower and water contributes to

cooling the hardware. However, the magnitude of

the change may not be greater than a few °C. As the

Tant, faded (latm, faded) + change tends to zero, the noise increase also tends to
I¢ @Ay zero.

Tg,p - (1= 17") + Ting

Tsys, faded (latm, faded)

Tant for clear sky and faded conditions

with The next step in constructing our model goal is to expand

upon Tant,faded - Tant, CW..

® Tant, faded (K) being the antenna noise temperature in

the presence of tropospheric fade (clouds, rain, and ~ As noted, during a rain event, the antenna temperature
gases, denoted as laim, faded) changes due to an increase in the atmospheric attenuation
latm fadea @and by the changes in the physical temperature
o Tty (K being the .feeding network’s  physical of the radome Trapy. The atmosphere’s contribution
temperature during a rain event to the antenna noise temperature is determined using the

atmosphere’s mean radiating temperature, i.e., Ty .
The objective of this section is to develop the expression

for ATgys, ie., the difference between the system noise
temperatures in clear sky and under fade. Considering that T Tvr:

- ) 1
the presence of fade increases the noise temperature, for the Tant, faded = Latm, faded * IRAD + IRAD (1= L, fadea) -
AT value to be positive by definition, the expression must T

gnd 1
be as follows: + + Trap, pr - (1 = Ixap)

RAD
(21)

ATsys = Tsys, faded (latm faded) = Tsyscw(laem, cw.) — (18) 4 important assumption in Eqs.  (6) and (21) is

that the attenuation in the atmosphere does not affect
In Egs. (17) and (18), the dependence of ATss on  the ground’s contribution to the antenna noise.  As
atmospheric loss becomes clear. In the discussion that  previously mentioned, given that this contribution includes
follows, and to simplify the presentation of the equations,  a component of reflected emissions from the sky, it will
the explicit dependence of the system temperature on the  change in the presence of rain due to the increase in
atmospheric loss (lam) will be removed, but the relevant  emissions from the atmosphere and the change in ground
sub-indices will be retained to refer to each condition (clear  conductivity. Furthermore, and depending on the materials
weather or degraded/rainy weather). used to construct the radome, an additional attenuation
) lradome-wetting May need to be considered and folded into
the Irap term, stemming from the potential buildup of a
water layer on the radome, which causes signal attenuation.
Coating radomes with hydrophobic paint can help minimize
the water build-up and reduce the additional attenuation.

For a given location and elevation angle, expanding Eq. (18
using (3) and (17) yields the following, noting that T ng is
the same in both equations:

_1 _ 1 _ ATy can now be determined by subtracting Eqgs.  (21)
ATsys = If (Tant, faded =Tant, )+ (1=15)-(Tep =Trp) (19) and (6). After grouping the terms associated to cosmic
background, atmosphere, ground and radome, the following

Denoting (Tant, faded — Tant, Cw.) @5 ATy, the Earth station ~ eXPression is obtained:

system noise temperature increase is expressed as follows:

Ty
1 ) 1 ATt 0 +...
ATsys = E : ATANT + be,p : (1 - E) (20) ( atm faded * lRAD latm, CW. - ZRAD)
) Twmr _l Tvr (-1 )+
The term 6T¢p = Tt, v — T, p) represents the change in the TRAD atm, faded/ ~ 7o- atm, CW. -
physical temperature of the feeding network during the rain
gnd gnd
event. +
(ZRAD lRAD)

Eq. (19) can be reduced to AT,y = Tant, faded — Tant, C.W.
under two scenarios: (TRAD, - (1= Ighp) = Trap, p - (1 - ZI_{}\D))’

(22)
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which can be rewritten as follows (noting that the ground
contribution term cancels out):

ATyt = Teo ( ! - ! )]+
| IRAD  \latm, faded  latm, c.w.
_1 . (6TMR + ( TMR - TMR/ ))] +
i lRAD latm, CW. latm, faded
[ 1
oo - (1= 7.5 )]
(23)
with

e O0Tyr being the difference in the mean radiating
temperature, i.e., (T;mr — Tvr)

® O0Trap being the difference in the physical
temperature of the radome in clear sky and during
rain, i.e., TRAD, P TRAD, P

Simplifying AT ant

Eqg. (23) contains three contributors (separated by brackets
for convenience):

e A contribution due to the background radiation, Tg,
e A contribution from the atmosphere

e A contribution from the radome

By studying each contributor, a simplification to the AT,
equation can be proposed.

Simplifying the atmospheric loss term: variation of Tyr.

The atmospheric contribution term in Eq. (23) includes the
variation in the mean radiating temperature with respect to
its clear-sky value ( 6Tmr ). Therefore, it is useful to explore
the dependence of T\r on parameters such as the link’s
operating frequency and the surface temperature.

Variation of Tz with frequency. Studies carried out
by the European Space Agency [23] indicate a weak
dependence of Ty on frequency: at a fixed location, in
the range of 5-50 GHz, the variation was between 2 and
15 K. An average location-specific value could be used
without sacrificing precision, and the study provides a grid
of frequency-averaged clear-sky Tyr values for locations on
the surface of the Earth with a resolution of 0.75°. For the
cited study, the median value of the clear-sky Ty is 269.3 K,
averaged over frequencies and computed across the world
grid, excluding latitudes above +80°. The minimum and
maximum values are 241.8 K and 284.2 K, respectively.

Variation of Tz with atmospheric temperature. With
respect to the atmospheric temperature, for a fixed
geographical location and frequency, the values of Tyr
under clear-sky and rain conditions are strictly different, but
they may not differ by much. The ITU-R [24] indicates that
Tmr may be assumed equal to the ambient temperature for
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frequencies up to 40 GHz. To understand the magnitude
of the difference in the mean radiating temperatures, one
can use linear models to compute Tyr based on the surface
temperature [25, 26], or link the mean radiating temperature
to the conditions of the propagation channel [9], which
yields a linear model to compute an effective Tyr based
on the cumulative distribution of the path attenuation P(A)
as Tyr = 255 + 25 - P(A), with P(A) being the cumulative
probability that an attenuation value is exceeded.

Even if T\r varies under instantaneous weather conditions,
ITU-R Recommendation P.618-13 [26] recommends using
a value of 275 K in the absence of local data for both clear
and rainy weather. This value was further clarified in [27].
Therefore, the assumption of a constant value for Tyr as a
rough approximation is not without precedent.

Taking advantage of the above, the term 6Tvr can be equal
to zero, and the atmosphere-related term in Eq. (23) can be
reduced as follows:

l_. |:6TMR + (l vk - ] Tvire ):| =~
RAD atm, CW. atm, faded (24)

Twmr ( 1 1 )
ZRAD latm, C.W. latm, faded

Reducing the contribution of the radome loss.

By observing the term associated with the radome loss, one
may note the presence of a similar factor representing the
difference in the radome’s physical temperatures under clear
weather and during rain.

1
6TRAD,p . (1 - @) (25)

It should be noted that the magnitude of the change in the
physical temperature of the radome may be different to that
of the feeding network. The change in temperature depends,
for example, on the characteristics of the materials used to
build the radome, as well as on its type. Moreover, it may
be affected by the changes in the EIRP of the Earth station, in
cases where uplink power control (UPC) is used with high
power amplifiers.

Notwithstanding the above, the contribution of the radome
loss can be eliminated from Eq. (23) if the change in the
physical temperature is very small (making 6Trapp =~ 0).

Final expressions for the change in the Earth station’s
system temperature in the presence of rain in the
space-to-Earth path

Finally, we can propose some variations of the model for AT,
considering the above-presented avenues for simplification.

Expression assuming 6Tyr =~ 0 and identical changes in
physical temperature. Starting from Eq. (23), assuming
that Ty is the same in clear weather and during fade events
and that the changes in the physical temperatures 5Trap, p
and 6Ty, , are identical and equal to 6T}, substituting into
Eq. (20) yields the following:



L. Emiliani

In this scenario, the information at hand is the following:

1 1 1
AT ot T [TBO : (l ~7 ) e For the user terminal, the G/T is 15.5 dB/K at 10°, and
f'RAD atm, faded — fatm, CW the boresight gain is 40.2 dBi at a reference frequency
+ Tyg - (l 1CW - 1f — )] 26) of 19 GHz, as reported by the product datasheet [28].
atm, C.W. atm, fade

1 e For the E-band gateway, the antenna gain is 60 dBi at

+0Ty - (1 - —— a reference frequency of 73.5 GHz.

I - IraD

The inputs and associated assumptions are summarized in
Expression assuming 6Tygr, 0Trap, p, and 6Ty , ~ 0 and ~ Table2.

negligible changes in physical temperature. By taking  Considering that this scenario involves multiple link
Egs. (23) and (20) and eliminating the terms related  combinations and different elevation angles, the scaling
to changes in physical temperature, i.e., 0Trap,p and equation provided in Eq. (15) is useful to determine the
0T, , | since this scenario entails a value of zero|, we obtain  system noise temperature at an angle 0, which is required for
obtaining the G/T and include it in the solutions engineering
and optimization process. The resulting curve for the system

N . [ - ( 1 _ 1 ) noise temperature vs. the elevation angle is presented in Fig.
ant — 0 e
lf : ZRAD latm, faded latm, C.W. (2 7) 4.
+ T\mR - ( ! - ! )] Table 2. Example inputs for constructing an Earth station noise
latm, CW. latm, faded

temperature vs. elevation angle curve. No radome or feeding network
loss is assumed. Additional assumptions for the gateway terminal

The changes in physical temperature between the clear-sky include the LNB temperature and the gateway’s elevation angle.
and rainy conditions can be ignored for cases where the

Earth station hardware is in a controlled space, as is the case E:aum;tsr User1t;r(;n e Ga;gv\s/ay lér:-lltzs
with large Earth stations featuring refrigerated LNA systems Ant. jiamezler 0.65 18 m
and installed in climate-controlled enclosures. Ant. gain 40.2 60 dBi
Elev. angle 10 90 degrees
G/T 15.5 - dB/K
Expression assuming 6Tyr ~ 0 and I¢, Ixap = 0. The TiNB - 360 K
simplest model for ATy |valid for very compact receive Median value of f 0.9587 0.7483 -
chains or fully integrated systems without a radome and Tsvs 295.12 448.7 K

minimal passive network losses|assumes a constant value
of Tvr and equal physical temperatures:

Source: Author

16.3.

=

ATone =Th ( 1 1 ) 16.2
t = . - .
" ? latm, faded latm, C.W. (28)

1 1
+ TR - ( - )r
latm, C.W. latm, faded

33.5
133.4

1333

33.2
16.1

33.1

133
1329

32.8
which indicates that the only changes are due to increased

32.7
antenna noise temperature under fade.

15.8
32.6

15.7 325

32.4

Applications

15.6

User terminal figure of merit (G/T, dB/K)
ateway terminal figure of merit (G/T, dB/K)

323
This section illustrates how the proposed models can be

&~ UT figure of merit 322 (O
. . . . . . . 15 |4 -Datasheet UT figure of merit
applied to system engineering situations in the satellite —=GW figure o meri a2
. . . d Th I . th . t 15.4 —© -Reference GW figure of merit 2
communications industry. e examples in this section 4 - - 0 P o B o
reflect practical cases in systems and spectrum engineering. Elevation angle (deg.)

o Figure 4. G/T vs. elevation angle curve developed using the scaling
Use case 1: adjusting the clear-sky system temperature from  model for the user and gateway terminals

a known value at a reference elevation angle. Source: Author

Consider a Ka-band (18.1 to 20.2 GHz) communications ) )

scenario using a 65 cm reflector-based maritime user ~ 1he benefits of the model are apparent: when analyzing the
terminal [28] and an E-band 1.8 m gateway station [29], 65 cm user termlnal,.there is an improvement of tfle G/T
whose service performance needs to be evaluated in a with increased e'eYa“O“ angles (up to 0.7 dB at 70°) that
variety of clear sky satellite link scenarios with different ~ Would not c,>therw15e have been considered. Conversely,
elevation angles. This scenario may occur, for instance, in ~ the gateway’s G/T degrades from the reference zenith value.
solution optimization problems involving a roaming terminal ~ 18noring this change at higher frequencies (e.g., the E-band

and in multi-orbit operations using a constellation of GEO @t 70 GHz) —especially in tropical regions, where the water
and non-GEO satellites. vapor content in the atmosphere is more notable- leads
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to sub-optimal solutions, such as overestimations of power
consumption and bandwidth allocation.

Use case 2: adjusting the value of the clear-sky system
temperature when the reference elevation angle is not
known.

This example uses the information in [15] for the coexistence
of GEO and non-GEO systems in the Q/V band. As discussed
in a previous section, the 45 and 60 cm Earth stations’
part of the reference links is characterized by a single noise
temperature of 340 K, regardless of the elevation angle. With
this value, the G/Ts of the user terminal are 18.5 and 21 dB/K
for 45 and 60 cm, respectively. This scenario analyzes the
links at two locations: one tropical (Cali, Colombia) and one
temperate (Rome, ltaly).

To apply Eq. (15), it is necessary to establish the reference
elevation angle. A conservative assumption is to apply the
provided system temperature of 340 K to the zenith angle.
In doing so, the noise temperature can only increase as
the elevation angle decreases from the zenith. The G/T for
each location |computed for the 20 and 55° elevation angles
indicated in [15]| and the corresponding increase in G/T
(AG/T) are presented in Table 3 for the temperate location
and in Table 4 for the tropical one. Notably, it is in tropical
locations where the largest change in system temperature
is observed (0.8 dB), given the increased contribution of
clear-sky cloud and water vapor attenuation to the antenna
noise.

Table 3. G/T of user terminals (UT) for links in ITU-R Resolution 770.
Frequency: 42.5 GHz. Reference G/T: 18.5 dB/K for 45 cm and 21
dB/K for 60 cm. Oy = 90). Temperate location: Rome (IT).

po =0.8828. Tyr = 275 K.

UT size (m)  Gain  Elev. (deg) Tsys G/T  AG/T

0.45 43.2 20 3789 179 0.61
0.45 43.2 55 3448 184 0.08
0.6 45.7 20 378.9 204  0.61
0.6 45.7 55 344.8 209 0.08

Source: Author

Table 4. G/T of user terminals for links in ITU-R Resolution no. 770.
Frequency: 42.5 GHz. Reference G/T: 18.5 dB/K for 45 cm and 21
dB/K for 60 cm. O = 90. Tropical location: Cali (CO). o = 0.7779.
Tmr = 275 K.

UT size (m)  Gain  Elev. (deg) Tsys G/T  AG/T

0.45 43.2 20 3789 175 0.94
0.45 43.2 55 3448 183 0.14
0.6 45.7 20 378.9 204 094
0.6 45.7 55 3448 208 0.14

Source: Author

Conclusions

The main objective of this paper was to provide equations
that incorporate variations in Earth station noise temperature
arising from the conditions of the satellite channel. The
two contributions of the paper, Egs. (15) and (20), are
a product of the development of an expression for ATsys
based on the reference receive chain noise model for
clear-sky conditions presented in Eq. (3). Throughout
the derivation steps, we examined the impact of the
atmospheric transmission coefficient and the atmosphere’s
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mean radiating temperature, two key parameters in the
estimation of the noise contribution of the atmosphere.
In addition, some avenues to simplify the methods
were formulated, yielding useful expressions for situations
wherein the Earth station noise temperature is provided with
no additional information regarding the components of the
receive chain or the reference elevation angle associated to
the equivalent system temperature, as is often the case with
spectrum-oriented inter-system sharing analyses.

As the system’s operating frequency increases (e.g., in
systems using the V, E, and W bands), this assumption of
constant temperature becomes less adequate. As shown in
the numerical examples, the use of the proposed methods is
beneficial since it allows capturing changes in G/T that would
otherwise be ignored. The proposed equations can then
be integrated into system capacity analyses for non-GEO
constellations, which traditionally adhere to the constant
clear-sky noise temperature.

Considering the objective of providing a straightforward
approach to aid system design when detailed user
terminal data are not available, potential avenues for
future work could include antenna noise temperature
calculations using reference gain envelopes such as those
in ITU-R Recommendation S.580, or functional pattern
approximations like Bessel functions as proxies for the actual
user terminal radiation patterns, as well as the use of a
more adequate attenuation scaling approach for the cloud
contributions at very high frequencies.
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