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Abstract — A frequency scaling model aiming to predict total
tropospheric attenuation time series at EHF is presented. One
version of the model (TAFS) is more accurate but, besides the
reference attenuation time series at low frequency, it also requires
additional ancillary inputs (e.g. radiometric data and information
on the rain drop size distribution); a second version (S-TAFS) is
simpler, though at the expenses of a slightly worse performance.
Both TAFS and S-TAFS first rely on isolating the attenuation
induced by the different atmospheric constituents, each of which
is separately up-scaled to the target frequency. The two methods
are tested against a full-year of data collected at Ka band and Q
band at Politecnico di Milano in the framework of the Alphasat
Aldo Paraboni propagation experiment. Results indicate that both
methods offer a very good accuracy in scaling the total attenuation
from Ka to Q band, both in terms of first-order statistics and of
time series. This corroborates the use of TAFS and S-TAFS to
predict the total tropospheric attenuation at much higher
frequency bands (e.g. the W band), for which no measurements
are currently available, starting from the largely available
Ka-band measurements.

Index Terms — Tropospheric attenuation, frequency scaling,
satellite communications.

|I. INTRODUCTION

everal advantages, such as lighter and smaller equipment as

well as the availability of a larger bandwidth for more

demanding services, induce to deploy communication
systems working at higher and higher frequency: indeed, the
Q/V band [1], and possibly the W band at a later stage [2], will
supplement the use of the Ka band, which is the reference band
for modern broadband satellite communication systems.
However, in these portions of the spectrum, the impairments
caused by the troposphere on radio waves increase rapidly.
Thus, it is of paramount importance to use accurate and reliable
tools to design systems working at higher frequency bands,
such as the W band, for which no measurements are currently
available. To this aim, physically-based prediction models need
to be privileged, as they are characterized by a better reliability
and wider applicability, if compared to empirical
methodologies. Furthermore, the optimum prediction method
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should target separately the attenuation induced by the various
tropospheric components (all of which become more and more
relevant with the increase in frequency [2]), and it should also
allow predicting both first order statistics and time series, the
latter being crucial for the design and operation of the necessary
fade mitigation techniques when fixed power margins are no
longer sufficient to provide the expected system performance
[1].

The models available in the literature satisfy just some of
the requirements mentioned above, but not all. For example, the
total attenuation prediction model adopted by the International
Telecommunication Union — Radiocommunication Sector
(ITU-R) in Recommendation P.618-13 [3], regarded as one of
the most accurate statistical models, actually addresses the
attenuation due to rain, clouds and gases, but, on the other hand,
its applicability is limited to 55 GHz and it does not allow
predicting time series. The latter are generated by time series
synthesizers, which, however, are typically of stochastic nature,
i.e. are meant to produce realistic time series but not to
reproduce real events (see for example the model proposed in
[4]). Finally, very high prediction accuracy can be achieved by
frequency scaling techniques, which aim at estimating the
attenuation at a higher frequency from the attenuation measured
at a lower frequency; both accurate statistical and physically-
based approaches exist [5]-[11], but they all address only rain
attenuation.

This work presents the development of a total tropospheric
attenuation prediction model, which is tested against the
propagation data collected by the NASA beacon receivers
installed at Politecnico di Milano in the framework of the
Alphasat Aldo Paraboni propagation experiment [12]. The
model relies on the instantaneous frequency scaling of the
single components of the tropospheric attenuation, thus filling
the current modelling gap in the literature. The first optimal
methodology derived from the model, referred to as Total
Attenuation Frequency Scaling (TAFS) requires more detailed
inputs such as radiometric data and information on the drop
dimension, which are used to better isolate the single
contributions to the total tropospheric attenuation at lower
frequency; the second simplified methodology (referred to as
Simplified Total Attenuation Frequency Scaling — S-TAFS)
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provides slightly less accurate results, but it requires simpler
input data that are more readily available on a Global basis.

Following this introduction, Section Il describes the
experimental setup and how the measured data are pre-
processed to be used with TAFS and S-TAFS; Section 11 and
Section IV present in detail the development and the main
features of TAFS and S-TAFS, respectively. The accuracy of
both methods is evaluated in Section V using measurements at
Q band, while Section VI draws some conclusions.

Il. EXPERIMENTAL SETUP AND DATA PROCESSING

Fig. 1 gives an overview of all the experimental instruments
deployed on the rooftop of Building 20 of Politecnico di
Milano. More details on such equipment are given in the
following subsections.

Weather
station

Q-band

receiver

Disdrometer

Ka-band
receiver

Sy
Fig. 1. Experimental instruments installed on the rooftop of the Dipartimento di
Elettronica, Informazione e Bioingegneria (DEIB) of Politecnico di Milano.

A. Alphasat Ka/Q-Band Beacon Receivers

The frequency scaling methods presented in this work are
tested against the measurements collected in the framework of
the Alphasat Aldo Paraboni propagation experiment, a joint
collaboration between the Italian Space Agency (ASI) and the
European Space Agency (ESA). The experimental campaign
aims at investigating the Ka, Q and V bands along Earth-space
links. The Alphasat satellite, launched on July 25%, 2013 and
positioned on a geosynchronous orbit (25° E longitude), carries
the Aldo Paraboni payload, which includes two coherent
continuous-wave beacons operating at 19.701 GHz (Ka band)
and 39.402 GHz (Q band).

The Ka band signal has linear vertical polarization, while
the Q band one is also linearly polarized, but with a 45° tilt
angle. The received beacon power is collected at 8
samples/second by two receivers installed on the rooftop of
Building 20 in the main campus of Politecnico di Milano, Italy
(latitude 45.48° N, longitude 9.23° E, altitude 137 m a.m.s.1.),
as shown in Fig. 1. The antennas have a diameter of 1.2 m (Ka
band) and 0.6 m (Q band), and the Alphasat satellite is tracked
based on the satellite ephemeris provided by Inmarsat on a
weekly basis. Both receivers have a dynamic range of
approximately 35 dB. Finally, the average elevation angle of
the link is 35.6°.

B. Disdrometer

The Thies Clima disdrometer observes hydrometeors to
classify them in terms of their dimension, falling speed and type
(e.g. rain, snow, hail, ...) using a 785-nm laser beam. The
disdrometer divides hydrometeors in 22 diameter classes (0.125
mm-8 mm) and 20 velocity classes (0 m/s-10 m/s). The Drop
Size Distribution (DSD), N(D) (mm™ m?®), i.e. the number of
particles with given diameter D per m3 [13], is calculated as
follows:

10° n;
S v(D;) T AD; @
where n; is the number of raindrops with diameter falling in the
i-th bin (with average diameter D;), AD; (mm) is the dimension
of each size bin, § (mm?) denotes the disdrometer sampling
area, v(D;) (m/s) is the terminal particle speed, 7(s) is the
instrument integration time.

The precipitation intensity R (mm/h) is obtained from the
DSD as:

R =600-10"%7 XN, N(D,)D}v(D;)AD; (2)
The disdrometer outputs are provided in 1-minute intervals.

N(D,) =

C. Radiometer

A multi-channel microwave radiometer (MWR), pointing to
the Alphasat satellite, supports the propagation experiment in
Milan.  Specifically, the instrument, manufactured by
Radiometer Physics GmbH, measures the sky noise (also
commonly referred to as the brightness temperature) at two
channels in the Ka band (23.84 and 31.4 GHz) and two channels
in the W band (72.5 and 82.5 GHz), which, in turn, is used to
estimate the tropospheric attenuation in rain-free conditions
using simple well-established algorithms [14].

D. Weather Station

The meteorological sensors, also property of NASA, collect
data on the surface values of pressure, temperature and relative
humidity with sampling time of 1 minute. As a backup for the
meteorological measurements, a second weather station is
installed on the radiometer.

E. Radiosonde Observations

The experimental dataset is completed by 20 years of
vertical profiles of the atmosphere, namely pressure P, relative
humidity RH and temperature T, obtained from the radiosonde
observations (RAOBS) carried out twice a day at Milano Linate
Airport (5 km from the experimental site).
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I11. THE TOTAL ATTENUATION FREQUENCY SCALING (TAFS)
METHOD

The Total Attenuation Frequency Scaling (TAFS) method,
presented in detail in this Section, consists in two consecutive
steps: first, the separation of the tropospheric attenuation at
frequency fp into its various components due to the different
atmospheric constituents (i.e. attenuation due to rain, clouds
and gases); second, the attenuation up-scaling from £ to fy,
performed separately for each component.

A. Separation of the Tropospheric Attenuation Components
Using TAFS

Gases, clouds and hydrometeors are the tropospheric
constituents interacting with electromagnetic waves in the
1-1000 GHz frequency range. The first goal of TAFS is to
obtain from the total tropospheric attenuation A the
contributions due to oxygen (A,x), water vapor (4,), cloud
(A¢), and rain (Ag). The total tropospheric attenuation A(fp) is
derived from the 19.701 GHz beacon received power, Pg, by
taking advantage of the collocated MWR, which allows
estimating, with wvery high accuracy, the tropospheric
attenuation in non-rainy conditions AMWR  starting from
brightness temperature 75 measured in (at least) two channels.
Details on the method to derive 4 from Pp, already applied in
many experimental campaigns (e.g. [15]), are fully given in
[14].

| Ground meteo data | | MWR dalal IBeacon data| | Rpc |—
]
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Fig. 2. First part of TAFS: derivation of the attenuation due to oxygen, water
vapor, cloud and rain from the time series of A(£).

The process to separate 4 into its contributions, summarized
in Fig. 2 and briefly recalled hereinafter, was conceived in [16],
to which the reader is addressed for further details.

To derive the attenuation due to the different tropospheric
constituents, first, scintillations are removed from the total
attenuation by low-pass filtering 4 using the customary cut-off
frequency of 0.03 Hz. Afterwards, the gaseous (i.e. oxygen and
water vapor) attenuation A¥"R is isolated by subtracting the
cloud attenuation AMWR from the MWR-derived total
tropospheric attenuation AMWR:

AI&/IWR — AMWR _ AI{\:/IWR — AMWR _ aLL (3)

As is clear from (3), A¥"R is calculated by multiplying the
liquid water mass absorption coefficient ar(£) and the liquid
water content integrated along the path Z; derived from [17],
a,(19.701 GHz) is 0.391 dB/mm, while L comes again from
inverting brightness temperature data using the well-established
methodology reported in [18]. As the radiometric estimation of
L is accurate only in scattering-free conditions [18], the value
of A¥WR is interpolated between the beginning and the end of
each rain event. As outlined in [16], the attenuation due to rain
plus clouds Arc is obtained as:

Apc = A— Ag"F (4)

while the attenuation due to clouds A¢ and the one due to rain
Ag are calculated as [16]:

_ Rpc Apc Arc < A’z?c“"
AC - {AgLax ARC > Aglcax (5)
Ag = Agpc — A¢ (6)

where the cloud attenuation ratio Rz is defined as:

Rgc = a exp(—=b Agc) + (1 — a) exp(—c Agc) (7)

Fig. 2 shows the trend of Rrcat 19.7 GHz, while Table I lists
the coefficients a, b, ¢, and the values of A7** and of AF#* in
(5), determined in [16], to which the reader is addressed for
more details. Here, it is sufficient to recall that the
abovementioned coefficients in (5) and (7) were identified by
optimizing the agreement between the complementary
cumulative distribution function (CCDF) of Ac obtained from
(5), using a full year of beacon-derived attenuation data A, and
the same CCDF calculated from the RAOBS data mentioned in
Section I1.E. To this aim, as performed in [18], vertical profiles
of P-RH-T obtained from RAOBS were used first to derive the
liquid water content by means of the TKK cloud detection
algorithm [19], and, afterwards, to calculate the cloud
attenuation through the Liebe MPM93 mass absorption model
[20].

RRC

0.2 ]

Agc (dB)
Fig. 3. Trend of Rgc¢ as a function of Ag¢ at 19.701 GHz (Ka band).

TABLE I. COEFFICIENTS IN (7) AND VALUES IN (5).
a b c AT AT
| 19.701 GHz | 0.8089 | 0.6552 | 0.05958 | 1.1dB 11dB
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The attenuation due to oxygen is estimated using the
collocated ground meteorological measurements (pressure P
and temperature T) as input to the approximate (yet very
accurate) prediction model included in Annex 2 of the
Recommendation ITU-R P.676-12: this method estimates
Aox(fp) by multiplying the specific attenuation at ground level
by the equivalent height, both of which depend on the frequency
£ and on the surface values of Pand 7. As a final step, the
attenuation due to water vapor is simply obtained as:

AV(fD) = AI(?WR(fD) - AOX(fD) (8)

As an example of the procedure defined in [16] to isolate the

different contributions to the total attenuation, Fig. 4 shows the

time series of Ag, Acand Ar for the Ka-band attenuation on the
4" of February, 2017.

2.5
—Gases at Ka
—Total at Ka
o 27 Rain at Ka
o —Clouds at Ka
c15}
i
S
c 1+
9
<05 ‘ " f
WWW" T
. | A M
400 600 800 1000 1200

Time (min UTC)
Fig. 4. Separation of the total attenuation (red curve) into its various
contributions due to gases (blue curve), clouds (violet curve) and rain (green
curve) at 19.701 GHz, using TAFS (4" of February, 2017).

B. Frequency Scaling Using TAFS

In this work, TAFS is applied to scale the Alphasat Ka band
attenuation data (f» = 19.701 GHz) to the Alphasat Q band
frequency (fy = 39.402 GHz), so as to assess the method’s
accuracy using as reference the Q band data collected in the
framework of the same experiment (see Section II.A). More
specifically, as summarized in Fig. 5, the application of TAFS
consists in scaling separately the time series of A«(/), Ar(f),
Aox(fp) and Awn(fp) using the physically-based approaches
explained hereinafter in this Section, which are afterwards
summed up to obtain the total attenuation A(/).

METEO INPUTS
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Fig. 5. Second part of TAFS: frequency scaling, from £ to £;, of the attenuation
due to oxygen, water vapor, cloud and rain.

1) Oxygen Attenuation

Similarly to what is done for Aox(f), also Aox(fy) is
estimated using the ground meteorological measurements (P
and 7) as input to the Recommendation ITU-R P.676-12 [21].
An example of oxygen attenuation time series is shown in Fig.
6, both at 19.701 GHz and 39.402 GHz, for the 4" of February,
2017.
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Fig. 6. Scaling the oxygen attenuation from 19.701 GHz (Ka band, blue curve)
t0 39.402 GHz (Q band, red curve) using TAFS (4" of February, 2017).

2) Water Vapor Attenuation
The attenuation due to water vapor is up-scaled in frequency
by taking advantage of the mass absorption coefficient ay. In
fact, the integrated water vapor content along the slant path, V,
is derived from the water vapor attenuation Ai(fp) as follows:
_ Av(fp)
= U ©)
Afterwards, I is multiplied by the water vapor mass
absorption coefficient at the high frequency, a(fy) to calculate
A fy):
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Ay(fy) = ay(fy) V (10)
The water vapor mass absorption coefficients, which are
listed in Table II, are calculated by means of ten years of
radiosonde observations (RAOBS) data collected at
Milan/Linate airport (45.26° N, 9.17°E, 122 m ams.l.,
approximately 5 km from the site where the Alphasat beacon
receivers are installed), which are used as input to the Liebe
MPM93 mass absorption model to calculate the water vapor
attenuation [20]. The mass absorption coefficients ay are
derived as the slope of the line fitting the data on the Ay/V
plane; the procedure is summarized in Fig. 7. When RAOBS
data are not available, ay can be calculated using the model
proposed in [22], which also shows that the variability of the
water vapour mass absorption coefficient across different sites
is negligible.

Liebe
MPM93

Fig. 7. Procedure to calculate ay from RAOBS data.

TABLE II. WATER VAPOR MASS ABSORPTION COEFFICIENT VALUES AT
DIFFERENT FREQUENCIES.
Water vapor mass absorption coefficient ay
19.701 GHz 0.0119 dB/mm
39.402 GHz 0.0105 dB/mm

As an example, Fig. 8 shows the trend of An(fp) and An(fy)
for the 4" of February, 2017; as already mentioned, during the
rain event, Au(fp) is linearly interpolated, and so is also Au( f).

—Water vapor at Kal
|—Water vapor at Q

0.3¢

0.25

Attenuation (dB)
©
N

0.15

400 800 1000
Time (min UTC)
Fig. 8. Scaling the water vapor attenuation from 19.701 GHz (Ka band, blue

curve) to 39.402 GHz (Q band, red curve) using TAFS (4" of February, 2017).
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3) Cloud Attenuation

Similarly to the attenuation due to water vapor, cloud
attenuation is linearly related to the integrated liquid water
content in clouds Z, through the liquid water mass absorption
coefficient a;. Thus, the first step is to derive L along the path
as follows:

_ Ac(fp)
L= ar(fp) (11)

Afterwards, A (fy) can be easily calculated as

Ac(fy) = a,(fy) L (12)

The calculation of the liquid water mass absorption
coefficients is achieved again by exploiting the RAOBS data
mentioned in the previous Section, which, as a first step, are
provided as input to the TKK model to identify clouds, quantify
the liquid water content w; and hence Z, by vertical integration
[19]. Afterwards, as detailed in Fig. 9, a. is calculated through
the linear regression of the Ac /L scatterplot, where Ac is
calculated using the Liebe MPM93 mass absorption model. The
values of a; are listed in Table I1l. When RAOBS data are not
available, a, can be calculated using the model proposed in [23]
(also adopted in recommendation ITU-R recommendation
P.840-7 [17]), which also shows that the variability of the liquid
water mass absorption coefficient across different sites is

negligible.

Liebe
] e ]

proﬂles MPM93

As an example, Fig. 10 shows the trend of Ac«(/p) and Ac(fv)
for the 4™ of February, 2017.

Fig. 9. Procedure to calculate a; from RAOBS data.

TABLE I11. LIQUID WATER MASS ABSORPTION COEFFICIENT VALUES AT
DIFFERENT FREQUENCIES.
Liguid water mass absorption coefficient a, |
19.701 GHz 0.391 dB/mm
39.402 GHz 1.338 dB/mm \
3 —
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25 —Clouds at Q |/
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2, 2
c
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Fig. 10. Scaling the cloud attenuation from 19.701 GHz (Ka band, blue curve)
to 39.402 GHz (Q band, red curve) using TAFS (4" of February, 2017).
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4) Rain Attenuation
Scaling rain attenuation is not a trivial task due to its high
variability in space and time; some frequency scaling
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approaches for rain attenuation exist in the literature but they
are mostly used on a statistical basis. When time series are taken
into account, as shown in [16] and [10], the best approach to
scale rain attenuation is to rely on the Drop Size Distribution
MD), which is measured, on a 1-minute basis, by the
disdrometer collocated with the Alphasat beacon receivers (see
Section 11.B). In fact, the DSD is tightly linked to the specific
attenuation due to rain y.

y(f) = 4343 10° 2 51, Re[So(D,, HIN(D) AD;  (13)

In (13) A is the wavelength, ~¥=22 is the number of
diameter classes measured by the disdrometer, and S is the
forward scattering coefficient calculated using the T-matrix
approach [24] assuming the axial ratio defined by Beard and
Chuang in [25]. Based on (13), the frequency scaling ratio is
defined as

_vUuv)

ES ™ yup (14)
and rain attenuation is scaled as
AR(fU) = Rps AR(fD) (15)

Thanks to (14) and (15), it is therefore possible to take in due
account the fast variability of rain attenuation, i.e. the fast
temporal evolution of the DSD. As an example, Fig. 11 shows
the trend of Az(£p) and Ar(fy) for the 4™ of February, 2017.
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Fig. 11. Top: scaling the rain attenuation from 19.701 GHz (Ka band, blue

curve) to 39.402 GHz (Q band, red curve) using TAFS (4" of February, 2017);
bottom: corresponding trend of Res.

5) Total Attenuation

As a final step, the time series of total attenuation at
frequency fyis calculated by simply summing the time series of
the different attenuation components:

A(fy) = Aox(f) + Ay (fy) + Ac(fy) + A(fy)  (16)

As an example, Fig. 12 depicts the trend of the total
tropospheric attenuation at frequencies f» and £y, along with the
single components, for the 4" of February, 2017.

Starting for example from a database of long term total
attenuation measurements at lower frequency, the TAFS
method is useful to generate, with high accuracy, simulated
time series at higher frequencies (and the associated statistics),

which can be used to design satellite systems or to simulate fade
mitigation techniques.

The accuracy of TAFS in scaling A is presented in Section V,
after introducing, in Section IV, a simplified frequency scaling
approach (inspired by TAFS), which requires as input data that
are more easily retrievable on a Global basis.
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Fig. 12. Gases (blue curve), clouds (violet curve), rain (green curve) and total
attenuation (red curve) at 39.402 GHz scaled using TAFS from the
corresponding values at 19.701 GHz (4" of February, 2017).

IV. THE SIMPLIFIED TOTAL ATTENUATION FREQUENCY
SCALING (S-TAFS)

As reported in Section V, TAFS offers a very good accuracy
in scaling the total tropospheric attenuation but relies on data
collected by a radiometer and a disdrometer, whose availability
is typically limited to just few sites. This Section introduces a
simpler method, Simplified Total Attenuation Frequency
Scaling (S-TAFS), which is based on the same principles but is
less demanding in terms of inputs, and yet provides a good
prediction accuracy.

A. Separation of the Tropospheric Attenuation Components
Using S-TAFS

As for TAFS, the key input to S-TAFS are the time series of
total tropospheric attenuation at the lower frequency (Ka band),
which are low-pass filtered to remove scintillations: in fact, in
absence of a collocated radiometer, other methodologies are
available to derive the total tropospheric attenuation from
beacon data using alternative approaches that rely on simple
ancillary data, such as meteorological measurements on the
ground, and V values obtained from GNSS receivers and/or
NWP products [26].

Given the unavailability of radiometric data, the time series
of the attenuation due to oxygen and water vapor are estimated
by using directly the Recommendation ITU-R P.676-12 and the
measured surface meteorological parameters (relative
humidity, temperature and pressure). As an example, Fig. 13
depicts the daily behaviour of the meteorological parameters
and the gaseous predictions at 39.402 GHz on the 4" of
February, 2017.
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Fig. 13. The meteorological parameters and the gaseous attenuation predictions
at 39.402 GHz, Q band (4" of February, 2017).

Thus, the attenuation due to rain and clouds is obtained as:

ARC(fD) = A(fD) - AV(fD) - on(fD) (17)

With a limited set of input data, it is necessary to introduce
some simplifying hypotheses to separate the attenuation
components due to rain and cloud. The proposed method relies
on A, i.e. the probability to have rain in the observation period
associated to the measured attenuation A(fp) (2017 in this
study); A can be calculated from the rain rate time series, if
available (note that a simple tipping bucket rain gauge is
sufficient to this aim), or extracted, on a yearly basis, from the
Recommendation ITU-R P.837-7 [27], which requires as input
only the geographical coordinates of the site. Based on A, as
well as on link elevation angle and on the mean yearly rain
height (which can be extracted from the Recommendation
ITU-R P.839-4 [28]), the probability to have rain attenuation
along the path, Pj,, can be calculated using the
Recommendation ITU-R P.618-13 [3]. For the measurements
used in this work, collected in 2017 in Milan, P, = 5.2 % (as
calculated from the disdrometer-derived rain rate time series),
while Pj, = 7.2 %. As expected Py, > P,, because rain might
be present along the link but not on the rain gauge.

Starting from the probability that the link is affected by rain
attenuation, the algorithm aimed at splitting Azc into Az and Ac
involves the use of a fixed attenuation threshold Agm: if
Arc < Am, Arcis completely associated to the cloud component
Ac, conversely, if Arc > Awm, part of Arc is ascribed to clouds
(Ac= An) and part to rain (Az = Arc— Ac). Fig. 14 summarizes
the rain/cloud attenuation separation procedure.

| Instantaneous Az |
no yes
Y Y
Ac = Apc Ac = Aen
Ag = Ap = Apc — Ac

Fig. 14. Procedure to split total attenuation into clouds and rain attenuation,
using S-TAFS.

The value of Aw is determined by aiming to obtain, from the
measured time series of Agzc the probability to have rain
attenuation (Pg,) that matches the reference one, Pg,. To this
purpose, starting from A = 0 dB, the value of Az is iteratively
increased and the procedure reported in Fig. 14 is applied to the
time series of Agc to isolate Az until Pry = Pgqo. With the data
considered in this work, 4 =0.26 dB at 19.701 GHz.

i
th

Change A},
X

| Instantaneous Age |

Fig. 15. Workflow to identify the threshold A.to separate cloud attenuation and
rain attenuation using S-TAFS.

Fig. 16 summarizes the full procedure to isolate the different
attenuation component using S-TAFS, while its application is
shown in Fig. 17 for the 4" of February, 2017.

I Ground meteo data | | Beacon data | Geographical Link
coordinates parameters
| |
RECOMMENDATIONS * * —
Rec. Rec. Rec.
ITU-R P.676 ITU-R P.837 ITU-RP.618

Ay (fp)

Aox(fo) | [ AU

| Arc (o) = AUp) - Aox (f) = Av(f) —

Aalo) =Anc (o) - Ac(fp) JF—{ Ac () fe——

A 4

Av(fp)

v

Ac(fp)

v
> Aox(fp) Ag(fp)

Fig. 16. First part of S-TAFS: derivation of the attenuation due to oxygen, water
vapor, clouds and rain from the time series of A(£).
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Fig. 17. Separation of the total attenuation (red curve) into its various
contributions due to gases (blue curve), clouds (violet curve) and rain (green
curve) at 19.701 GHz, using S-TAFS (4" of February, 2017).

B. Frequency Scaling Using S-TAFS
1) Gaseous Attenuation

Given the simplification introduced in S-TAFS, the water
vapor and oxygen attenuation at the frequency fy are simply
obtained using again the Recommendation ITU-R P.676-12. As
an example, for the 4" of February, 2017, Fig. 18 depicts the
water vapor attenuation at both bands, while the time series of
the oxygen attenuation are those already shown in Fig. 6.

0.32 .
—Water vapor at Ka
—Water vapor at Q
o 0.3
oA
oz,
§e)
= 0.287
>
e
9@
<0.26
0.24 ; : :
400 600 800 1000 1200

Time (min UTC)
Fig. 18. Scaling the water vapor attenuation from 19.701 GHz (Ka band, blue
curve) to 39.402 GHz (Q band, red curve) using S-TAFS (4™ of February,
2017).

2) Clouds Attenuation

The procedure to scale clouds attenuation, using (11) and
(12), is the same for TAFS and S-TAFS; its application is
shown, as an example, in Fig. 19 for the 4" of February, 2017.

800 1000
Time (min UTC)

Fig. 19. Scaling the clouds attenuation from 19.701 GHz (Ka band, blue curve)

t0 39.402 GHz (Q band, red curve) using S-TAFS (4" of February, 2017).

0 "
400 600 1200

3) Rain Attenuation and Total Attenuation

When rain rate time series are not available, simple rain
attenuation scaling models exist, which require as input only the
rain attenuation time series Az(£p). This is the case of the simple
yet effective power law model proposed by Drufuca [5], which
is adopted in S-TAFS. In this case Ar(fy) is calculated as

An(i) = (22)" an(f) 18)

On the other hand, if rain rate time series are available, a
higher accuracy can be achieved by exploiting the Enhanced
Synthetic Storm Technique (E-SST) [16], which improves the
Synthetic Storm Technique (SST) [29], by embedding a simple
algorithm to distinguish between stratiform and convective
events for a selective inclusion of the additional attenuation
induced by the melting layer. Moreover, the velocity of
translation of each event over the site depends on the hourly
values of the wind intensity w extracted from the ERA5
database (associated to the 700-mbar isobar), which is also the
source used to derive the hourly values of the rain height Az
used as input to E-SST. The results in [16] indicate that, using
the rain rate time series as input to E-SST to calculate the rain
attenuation at the two bands, it is possible to define the
following frequency scaling ratio:

E-SST

RESST = Sessr s (19)
which provides almost the same scaling accuracy as the ratio
defined in (14). Differently from what is done in [16], in this
work, in order to limit the complexity of S-TAFS, as well as the
need of elaborated input data, the E-SST predictions in S-TAFS
(AE=SST(f,)and AE=SST(f,,)) are achieved using as input to the
model only the mean yearly ERA5 values of Az and w, rather
than the hourly values.
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Fig. 20. Second part of S-TAFS: how oxygen, water vapor, clouds and rain
attenuation time series are scaled to the target frequency fyp.
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Fig. 21. Scaling the rain attenuation from 19.701 GHz (Ka band, blue curve) to

39.402 GHz (Q band, red and green curves) using S-TAFS (4" of February,
2017), considering both scaling methods for the rain component.
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Similarly to TAFS, A(fy) is calculated by summing up all the
attenuation components using (13). Fig. 20 resumes the
frequency scaling procedure of S-TAFS, while Fig. 21 depicts
the time series of rain attenuation scaled from Ka band to Q
band using S-TAFS for the 4™ of February, 2017, achieved by
employing both scaling rationships in (18) and (19). Finally,
Fig. 22 depicts the time series of A(fy) for the same day using
(18) to scale rain attenuation.

Given its simplicity and the limited complexity of its input
data, S-TAFS is applicable not only to obtain attenuation
statistics and time series for the design of satellite
communication systems at higher frequencies, but to operate,
almost in real time, a fade mitigation technique (e.g. Up Link
Power Control) in real systems.

19.701 GHz using S-TAFS (4™ of February, 2017); equation (18) is used to
scale rain attenuation.

V. RESULTS AND DISCUSSION

This section focuses on assessing the accuracy of TAFS and
S-TAFS in predicting total tropospheric attenuation. The tests
are performed by exploiting the full year (2017) of propagation
data collected in Milan using the NASA equipment presented
in Section Il. Total attenuation data at 19.701 GHz are used as
input to TAFS and S-TAFS to predict total attenuation at 39.401
GHz, which is compared to the measured total attenuation at the
same frequency.

Fig. 23 compares the CCDF of scaled and measured total
attenuation at 39.402 GHz in 2017.

102 m T r T T T T T
e Datg
3 S-TAFS - Equation (19)
:; 10" S-TAFS - Equation (18) | |
£ - — -TAFS
Qo
@®
Qo
o
a 100k ]
[0
o
c
(]
©
@ 107k i
o
X
w
10.2 1 1 1 1 | 1 |
0 5 10 15 20 25 30 35 40

Attenuation (dB)

Fig. 23. Application of TAFS and S-TAFS to scale total attenuation from
19.701 GHz to 39.402 GHz; the CCDFs are calculated for the whole year 2017.

As expected, the best accuracy is achieved through TAFS
while, due its simplified approach, S-TAFS offers a slightly
lower prediction performance. This conclusion is confirmed by
the results reported in Table 1V, which lists the mean (E) and
root mean square (RMS) value of the error figure inspired by
the one defined by ITU-R in [30] for attenuation measurements:

100- (%)0'2 In (i;—g) Ax(P) < 10 dB

100 -In (AP—(”))

AR(P)

e(P) =
Ar(P) > 10dB
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In (20), Ar(P) and Ap(P) represent, respectively, the
measured and scaled total attenuation exceeded for the time
percentage 7.

Moreover, the frequency scaling approach for rain
attenuation based on (18) obviously provides a lower prediction
accuracy (due to the use of a constant rain attenuation scaling
ratio), but its performance is very close to the one of E-SST
based approach; this very positive outcome indicates that even
without the need of rain rate time series, very satisfactory

which is calculated considering all the data collected in 2017.
The overall RMS value is lower than 0.5 dB.
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Fig. 24. Application of TAFS and S-TAFS to scale the total tropospheric
attenuation from Ka band to Q band, for the 4™ of February 2017 (stratiform
event).

The increased accuracy of TAFS is corroborated also by the
tests performed on the time series of total attenuation, which are
crucial for the design of the necessary fade mitigation
techniques, in turn required when fixed power margins are no
longer sufficient to provide the expected system performance.
As an example, Fig. 24 compares the estimated and measured
time series of total attenuation (4" of February, 2017) at 39.402
GHz for a stratiform rain event. On the other hand, Fig. 25
offers an example of the models’ performance for a convective
event occurred on the 2" of May, 2017. Also in this case, both
TAFS and S-TAFS provide accurate predictions.

The very satisfactory performance of TAFS and S-TAFS is
confirmed by Table V, which lists E and RMS of the absolute
error figure defined as:

P(t) = Ap(t) — AR(t) (21)

measured at a lower frequency (e.g. Ka band). Both methods
include a procedure to isolate the attenuation induced by the
different atmospheric constituents, each of which is separately
up-scaled to the target frequency with a solid physically-based
approach. Though more accurate, TAFS requires more detailed
information as inputs (e.g. radiometric and disdrometer data);
on the other hand S-TAFS makes use of limited inputs and it is
based on simplified assumptions, which reflect in a slightly
worse performance, but also in a wider applicability. In order
for S-TAFS to be applicable to as many sites as possible, it does
not strictly require the rain rate time series as input, though
better results are achievable with such input data.

Tests against the propagation data collected in Milan in the
framework of the Alphasat Aldo Paraboni experiment indicate
that, on first-order statistics, TAFS provides an RMS error of
1.72%, while that associated to S-TAFS ranges between 4.22%
and 4.7%. Similar results are obtained for instantaneous
predictions, which are key for the design and operation of Fade
Mitigation Techniques (FMTSs): the average RMS of the error
on the time series was found to be 0.38 dB for TAFS, while it
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varies between 0.41 dB and 0.43 for E-SST.

The results achieved in this work suggest that TAFS and S-
TAFS can be used to predict the total tropospheric attenuation
at much higher frequencies (e.g. the W band), for which no
measurements are currently available, starting from the largely
available Ka band measurements. However, to this aim, further
tests are required to assess the accuracy of TAFS and S-TAFS:
indeed, scaling rain attenuation to much higher frequencies,
especially using the simplified approaches proposed for S-
TAFS, is expected to become more and more critical as the
frequency increases. Moreover, the applicability of TAFS to
other sites requires the recalculation of the cloud attenuation
ratio Rgc in (7), which is expected to depend on the local
climate, but also on the link frequency and elevation angle. This
is one of the reasons why a simpler version of TAFS was
devised, S-TAFS, which is expected to be more widely
applicable.
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