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Abstract— The aim of this paper is to investigate the usability
of high-frequency channels for deep-space (DS) transmissions
exploiting radiometeorological forecast modeling. A previously
developed model chain for DS link-budget optimization,
based on numerical weather forecasts (WFs), is adopted. The
latter, already tested at Ka-band, exploits the combination of a
high-resolution mesoscale forecast model and a radiative transfer
model to predict the atmospheric scenario and optimize received
data volume (DV) during DS transmissions. To shift available
Ka-band results to other frequencies, we apply frequency-scaling
laws to extrapolate forecast path attenuation, link parameters,
and maximum allowed bit-rate for data transmission. Exploiting
the available WF-based methodology, we compute DV return
for DS missions operating at X-, K -, Ka-, Q-, and W -bands
in order to make a comparative study of the behavior of
DS transmission-channels at these frequencies. Results show
that, in terms of received DV, an innovative WF-based approach
is more convenient than traditional methodologies and exhibits
a trend similar to the benchmark (ideal case). Increasing link
frequency, received DV increases up to Q-band. From Q- to
W -band, despite received DV does not increase significantly, lost
data remain under reasonable values, thus making the W -band
suitable if coupled with a WF-based technique.

Index Terms— Deep-space (DS) missions, microwave and
millimeter-wave channels, radiopropagation modeling.

I. INTRODUCTION

THE migration of deep-space (DS) transmissions from
X-band toward high-frequency channels is inevitable

due to several motivations. Recently, the need of wider band-
width [1], the necessity of increasing transmission data rates,
and the spectrum congestion of frequency bands currently
adopted for DS missions (such as the X- and Ku-band)
have made the Ka-band channel very attractive [1]–[3]. In the
near future, the requirement of lower weight spacecrafts and
higher speed transmissions may push DS missions toward
the use of even higher bands, such as Q and W , where
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the compactness of the instrumentation is higher and larger
transmission capacity can be achieved in theory [4].

For frequencies higher than X-band (around 8–10 GHz),
the atmospheric impact on the propagating signal is not
negligible and its degrading effects strongly increase with the
increase of the link frequency [5], [6]. In order to characterize
the atmospheric impairments on high-frequency channels, the
random variability of the atmospheric components, such as
rain precipitation, water vapor, and so on, must be considered.
The best solution is to design the link budget according to the
expected radiometeorological scenario during the considered
transmission period [7]. In this perspective, numerical models
for weather forecast (WF) can turn to be very useful due to
their capability of describing the full atmospheric state and
its microphysical properties [5], [8]. The outputs of WFs can
be geometrically and microphysically coupled with advanced
radiopropagation models allowing the calculation of both
instantaneous path attenuation and antenna noise temperature
with relatively high accuracy. This approach has the advantage
to be physically based and able to produce spatially consistent
forecasts of radiopropagation parameters, particularly suitable
for link budget designs at microwave and millimeter-wave
frequencies [9], [10].

Some studies can be found in the literature concerning
the use of high microwave frequency bands, such as the
W -band, for space communications between satellites [11]
or between Earth stations and Low Earth Orbit or
geostationary satellites [12]. Concerning the investigation of
microwave frequencies beyond the Ka-band employed for
DS applications, few studies can be found. In [4], a feasibility
analysis on the use of W -band for DS missions is presented.
Beyond microwave frequencies, investigations about the
advantage of optical communications have been also carried
out [13], [14]. None of these works faces the topic of high-
frequency channels by resorting to a physically based approach
such as that of exploiting coupled WF and radiative models.

In previous works [15]–[18], we have developed a radiome-
teorological forecast model chain to design the DS link budget
by optimizing received and lost data volume (DV) with
a WF-based methodology. According to this model chain,
the link budget optimization is carried out by exploiting
a 4-dimensional (4-D) space-time WF regional mesoscale
model (to describe the atmospheric state vector), and a
3-dimensional (3-D) physically-based radiative transfer model
(to convert the atmospheric state into radiative variables,
such as atmospheric attenuation and sky noise temperature).
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Fig. 1. Block diagram of the WF-based DV prediction chain [15].

Simulated path attenuation and sky noise temperature from
this radiometeorological forecast chain are than converted into
daily statistical distributions used for the DV optimization of
the DS link. We have tested this WF-based model chain at
Ka-band with promising results [15].

The aim and the novelty of this paper is to adopt the
above-described model chain to investigate the behavior of the
X-, K -, Ka-, Q-, and W -bands with a WF-based methodology
for DS link optimization. In order to adapt the reference
Ka-band mission requirements to the other considered
bandwidths, we have applied a frequency scaling approach
to both radiolink system parameters and maximum allowed
data rate. Due to the lack of measured and simulated path
attenuation data at the considered bandwidths, we have also
applied a frequency scaling to the available path attenuation
data at Ka-band. For the radiolink parameters and the
maximum transmission data rate, we have extrapolated a
frequency-scaling law using available datasheets for a test
case mission operating at X- and Ka-band. As concerning
the frequency scaling of attenuation data, from a physically
oriented radiative-transfer simulation data set, we have derived
parametric regression laws and verified them with the available
literature. We have compared the numerical results obtained
at the considered bands (in terms of received and lost DV
during the DS transmission) in order to evaluate the behavior
of the channel when increasing the frequency up to W -band.
Moreover, we have investigated the advantages of adopting a
WF-based methodology for high-frequency channels.

This paper is organized as follows. In Section II, we sum-
marize the developed WF-based DV prediction chain and the
Ka-band results. In Section III, we describe the frequency
scaling laws applied to path attenuation data, radiolink para-
meters, and maximum transmission data rates. In Section IV,
we show results, in terms of DV, for DS links operating
at X-, K -, Ka-, Q- and W -bands with a WF-based method-
ology. Finally, in Section V, we point out the conclusions and
future developments of this paper.

II. Ka-BAND RESULTS OVERVIEW

FROM PREVIOUS STUDIES

As already mentioned, in our previous works [15], [16], we
have developed a radiometeorological forecast model chain to
optimize received DV during DS transmissions at Ka-band.
This modeling chain, composed by three modules, is briefly
described in Section II-A and the principal results at Ka-band
are listed in Section II-B.

A. WF-Based Data Volume Prediction Chain
Fig. 1 shows the block diagram of the developed DV

prediction chain: the 4-D WF model is coupled, at each
time step, with a 3-D radiopropagation model, which feeds
a module for the optimization of the transmission operational
parameters and the estimation of the optimal DV.

The three modules of the prediction chain are as
follows [15].

1) Weather Forecast Module (WFM): produces WFs
by computing the temporal evolution of the 3-D
atmospheric state vector. The latter is composed by
thermodynamic variables (pressure, temperature, humid-
ity, wind velocity, and its direction) and microphysical
variables (such as atmospheric particle concentration
of water clouds and aerosol dispersions). The adopted
numerical model is the 4-D regional mesoscale
model 5 (MM5) [19]. For a given geographical tar-
get area, MM5 is initialized, in terms of time and
space boundary conditions, by the European Center for
Medium Range WF global scale forecast model. In this
paper, we use MM5 to obtain daily forecasts with a
release time of 1 h, a spatial resolution of 6 km and
for 22 vertical pressure layers [15].

2) Radio Propagation Module (RPM): converts, at each
time-instant and spatial-point, the WFM outputs into
radiative variables (atmospheric attenuation and sky
noise temperature) at the considered frequency. This
conversion is done by resorting to a physically based
parametric model to simulate gas absorption and scat-
tering due to hydrometeors through the satellite data
simulator unit [20]. The core of this computation is the
implementation of a radiative transfer model, based on
a 3-D solution code and on the sky-noise Eddington
model (SNEM) [9], [10].

3) Downlink Budget Module (DBM): optimizes the oper-
ational parameters for data transmission. These para-
meters are the transmission data rate and the minimum
elevation angle. The latter is the minimum angle (of the
ground-station (GS) antenna pointing to the spacecraft)
at which start the transmission during a spacecraft-to-
Earth visibility period. This minimum value drives the
time at which the transmissions can start within the
considered transmission period. Starting from a scenario
of atmospheric attenuation and sky noise temperature
(forecasted by the previous WFM and RPM modules),
the DBM optimization can be accomplished by apply-
ing two techniques: statistical and maximization [15].
The statistical technique implements the classical link
budget approach to maximize the transmitted data. This
maximization is based on a minimum threshold for the
energy-per-bit to noise-density ratio at the atmospheric
conditions that guarantee a certain link availability at
the lowest elevation angle (i.e., the worst case in term
of atmospheric path length). On the other hand, the
maximization technique optimizes the average number
of received data, while guaranteeing that the percentage
of average lost data does not exceed a given threshold
(and maintaining the minimum threshold for the energy-
per-bit to noise-density ratio). Both techniques use sta-
tistics of meteorological variables treated as stochastic
variables [1]. Note that, since we assume that downlink
operations must be planned with 24 h in advance, the
DBM optimization is done per each day of the consid-
ered transmission period and exploits daily WF statistics.
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The considered statistics are in terms of proba-
bility density function and cumulative distribution
function (CDF).

B. Application to Ka-Band Scenario

This section briefly summarizes the results of the Ka-band
scenario [15]. The WF-based results (obtained by applying
the chain in Fig. 1) are compared with traditional clima-
tologically based DV prediction methods. The latter consist
in predicting the received DV using long-term climatological
atmospheric statistics as input to the DBM [1], [3]. Note that,
the reference test-case for the Ka-band scenario (and for all
the results presented in this paper) is the BepiColombo ESA
mission to Mercury whose principal GS antenna is located in
Cebreros (Spain).

Results at Ka-band have been computed for three method-
ologies: standard methodology, which is the current procedure
for some DS missions (such as BepiColombo), advanced
methodology, which will be the future procedure for some
DS missions, and potential methodology, which is the pro-
posed WF-based methodology [15]. Both the standard and the
advanced methodology are traditional techniques applied with
climatologically-based atmospheric statistics on a monthly
time-scale. The climatological statistics considered for our
test-case are monthly statistics available at 32 GHz from
the NASA/JPL and obtained collecting radiometric data from
September 1990 till January 2009 at Robledo (about 40 km
far from Cebreros) [15], [21]. The difference between the
standard and the advanced methodology relies on the adopted
optimization technique: statistical technique in the first case
and maximization in the second. Finally, the potential method-
ology consists in the application of the maximization technique
with statistics computed from daily WFM + RPM simulations
for the considered transmission period. Thus, the potential
methodology is WF-based.

Independently by the adopted methodology to optimize the
operational parameters, the latter are then used to compute
actual received (and lost) DV during the considered transmis-
sion period. This computation is carried out by assuming, as
actual path-attenuation time-series, the one retrieved exploiting
surface measurements available (for the considered transmis-
sion period) from a weather station installed in Cebreros.
These meteorological surface data are converted into slant path
attenuation and sky noise antenna temperatures by resorting to
a simplified radiative model (SRM) [15].

Table I shows atmospheric attenuation data available for the
test-case scenario at Ka-band.

The reference transmission period to compute received DV
during the spacecraft-to-Earth transmission (downlink seg-
ment) is the year 2012. Since the GS antenna for BepiColombo
mission is in Cebreros, we have centered our radiometeoro-
logical model chain on Cebreros area in 2012.

Results, in terms of yearly received DV for the transmission
year 2012, are shown in Table II. Table II suggests that an
innovative radiometeorological WF-based approach, such as
the potential methodology, is promising at Ka-band: predic-
tions based on daily-WF statistics can provide an increase
of more than 20% of annual DV with respect to traditional

TABLE I

AVAILABLE DATA FOR THE TEST-CASE SCENARIO AT Ka-BAND

TABLE II

DV PREDICTION CHAIN OF FIG. 1 APPLIED TO A Ka-BAND SCENARIO

predictions based on long-term monthly statistics [15]. It is
useful to remark that the opportunity to consider daily statistics
is given by the use WFs that are issued on a daily basis.

Considering that the application of the previously exposed
DV prediction chain is not limited to Ka-band and that both
RPM and DBM can be set on the considered link frequency,
in Sections III and IV, we are going to show the extension
of these Ka-band concepts to other frequencies. It is worth
stressing that the extension to other frequencies is obtained by
resorting to frequency scaling laws (Section III) retrieved from
data relative to our test-case mission. Changing the reference
mission, different results are expected, both in terms of scaling
laws and in terms of received and lost DV (Section IV).

III. EXTENSION TO X, K, Q, AND W-BANDS

The results for the Ka-band scenario, already assessed [15]
and just summarized in Section I, can be extended to satellite
links at other microwave frequencies. The most important
reasons that lead to investigate frequencies beyond the X-band
are that higher frequencies allow a higher channel capacity
(i.e., wider bandwidths and higher transmission data rates) and
imply higher antenna directivity for the same antenna effective
area. Moreover, for the most employed frequency bands for
DS missions (such as the X-band) there are strict frequency
allocation laws. Indeed, higher bandwidths have the additional
advantage of being unlicensed (to date).

In this section, we illustrate the frequency scaling rules
that we have adopted to extend the Ka-band results to the
frequency-bands listed in Table III. We show scaling results
for path attenuation data, radiolink parameters, and maximum
selectable bit-rate.

Note that, according to Section II-B and Table I, the
radiometeorological data set, available for the test case at
Ka-band and to be frequency-scaled, basically consists of:
1) climatologically based monthly statistics, available from
the JPL data set, required to optimize the link with the
standard and advanced methodologies; 2) WF-based daily
statistics, obtained from the time-series simulated with the



1314 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 3, MARCH 2017

TABLE III

CONSIDERED FREQUENCIES FOR DS DOWNLINKS

TABLE IV

SCALING FACTORS USED IN (1) FOR FREQUENCY BANDS IN TABLE II

WFM + RPM modules, required to optimize the link with
the potential methodology; and 3) path attenuation time
series from SRM, computed exploiting surface data from the
meteorological weather station at Cebreros and required to
estimate the yearly received DV (as in Table II) for verification
purposes.

A. Frequency Scaling of Path Attenuation and
Sky-Noise Data

To convert the available path attenuation data sets from the
Ka band to the selected bands in Table III, we have adopted
a rational function law

Az( f0) = p1 Az( fKa ) + p2

q1 Az( fKa ) + q2
[dB] (1)

where Az( f0) is the zenithal path attenuation (in dB) at the
frequency f0, Az( fKa ) is the zenithal path attenuation at
Ka-band (32 GHz), and p1, p2, q1, and q2 are the scaling
factors reported in Table IV.

To compute the slant attenuation at an elevation angle θ
(angle between the GS antenna pointing direction and the
horizon) from the zenithal attenuation, assuming a horizontally
stratified atmosphere (at least within the antenna scanning
angle), we have resorted to the cosecant law

A( f0) = Az( f0)cosec(θ) [dB] (2)

where A( f0) is the slant path attenuation (in decibels).
The scaling factors in (1) have been retrieved by applying
a best fitting procedure to a previously assessed data set of
SNEM numerical simulations (including cloud, rain, and snow
effects), tuned to meteorological conditions of Cebreros GS
and used to develop physically-based parametric models for
telecommunication purposes [22]. The comparison between
the scaling relationship in (1) and the SNEM database is shown
in Fig. 2, with a correlation always larger than 0.85.

After computing the attenuation at a given frequency, the
antenna noise temperature Tatm is obtained through the mean
radiative temperature Tm by exploiting the physically based
parametric model formula, described in [22]

Tatm(θ, f0) = Tm(θ, f0)[1 − e(−A( f0))] + Tce(−A( f0)) (3a)

Fig. 2. SNEM simulations compared with regression law (1) at: (a) 8.45,
(b) 26.25, (c) 40.25, and (d) 75.5 GHz for zenithal path attenuation.

being Tc the cosmic background brightness temperature and

Tm(θ, f0)

= a1(θ, f0)

[
1 − exp

(
− Az( f0) + a2(θ, f0)

a3(θ, f0)

)]

+ b1(θ, f0)[Az( f0) + b2(θ, f0)] exp

(
− A2

z ( f0)

b3(θ, f0)

)
(3b)

where the site-dependent parameters ai and bi (with
i = 1, 2, 3), described in [22], are valid for frequencies and
elevation angles within the interval between 8.5 and 85 GHz
and between 10° and 90°, respectively.

In summary, in order to extend each Ka-band available
data set to obtain path attenuation and sky noise temperature
at the generic frequency f0 (i.e., X-, K -, Q-, and W -band
of Table III), we can apply the regression law in (1), using the
scaling coefficients of Table IV, together with (2) and (3).

It is worth noting that there are several sources for frequency
scaling prediction models and, in particular, those widely
accepted are obtained from the guidelines of the ITU-R
recommendations. Appendix A provides a detailed survey and
intercomparison of ITU-R available procedures and the ones
here proposed by discussing differences and limitations.

Fig. 3 shows the application of the regression law in (1)
to obtain the CDFs of path attenuation at the frequencies
of Table III starting from the CDFs at Ka-band available
from WF-based data (panel a) and JPL climatologically-based
data (panel b).

Note that, as expected, the attenuation (and its dynamic)
increases with frequency. An exception is the attenuation at
K - and Ka-bands: in clear sky (i.e., for cdf probability lower
than 0.9) the attenuation at K-band is slightly higher than
the one at Ka-band. This is probably due to the 22-GHz
water-vapor absorption peak that has a tail up to 26.25 GHz.

The same scaling approach, summarized by (1)–(3), is
applied to time-series of path attenuation computed cou-
pling SRM with surface meteorological data from Cebreros
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Fig. 3. CDFs of zenithal path attenuation for (a) WF and (b) JPL data set
at frequencies of Table III, obtained by applying the regression law in (1) at
the Ka-band dataset.

meteorological weather station. This means that our actual
radiometeorological scenario is made by time series of path
attenuation and sky noise temperature at all the frequency
bands listed in Table II.

B. Frequency Scaling of Radiolink System Parameters

The involved radiolink parameters are the ones relative to
the transmitting and receiving antennas: 1) GS antenna gain;
2) spacecraft antenna effective isotropic radiative power
(EIRP) and losses; and 3) receiver noise temperature (TREC).
Assuming to maintain the same transmitting and receiving
antennas, changing the link frequency, their parameters
must be frequency-scaled according to straightforward
considerations.

Concerning the GS antenna gain G, we have
(see Appendix B for details)

G( f0) = G( fKa ) + FG [dB] (4)

where G( f0) and G( fKa ) are the GS antenna gains at the
generic frequency f0 and at the reference frequency of the
Ka-band ( fKa = 32 GHz according to Table III), respectively.
Assuming the same antenna size and efficiency, the gain
scaling factor FG is given by

FG = 10log10

[(
f0

fKa

)2
]

[dB]. (5)

For the frequency scaling applied to the spacecraft EIRP,
where we have included circuit, mismatching, and antenna
pointing losses, we have (see Appendix B for details)

EIRP( f0) = EIRP( fKa ) + FEIRP [dB] (6)

where the EIRP scaling factor FEIRP is

FEIRP = FG + 10 log10

[(
fKa

f0

)1/2
]

[dB]. (7)

Previous relationships were extrapolated generalizing typi-
cal known numbers (from available missions datasheets) for
X- and Ka-bands for DS applications. The estimated scaling
error from Ka- to X-band is about 1–2 dB. In Fig. 4, the
application of the relationships (4) and (6) to the frequen-
cies of Table III is shown. Note that, when increasing the
downlink frequency, physical constraints on the adopted

Fig. 4. Application of relationships (4) and (6) to satellite EIRP and GS
gain for frequencies in Table III.

Fig. 5. TREC variation with frequency as expressed in (8).

on-board equipment might prevent the increase of transmitted
power. Thus, in practice, the usable EIRP could be lower than
the one here supposed (especially at W -band).

Finally, when changing the link frequency, the change of
losses introduced by the receiver noise temperature (TREC)
must be considered too. To retrieve values at the con-
sidered frequencies, we have exploited TREC values at
X- and Ka-bands supposing a linear low

TREC( f ) = m f + q [K] (8)

where m = 1.4965, q = 18.6124 (values obtained with respect
to our reference test-case mission), and f is the considered
frequency expressed in gigahertz. The trend of TREC with
frequency is shown in Fig. 5.

C. Frequency Scaling of Maximum Bit-Rate

In DS missions, technological constraints typically impose
the transmission bit-rate Rb to be chosen within a given
discrete set of data rates. We have conveniently extended the
Ka-band discrete set of data rates, available from our test-case
mission, to the frequencies of Table III. This extension has
been done exploiting the logarithmic relationship between the
i th and the (i − 1)th discrete value of bit-rate

r = 10 log10

(
Rbi

Rbi−1

)
[dB] (9)

where r can assume values between 0.8 and 1.3 and
with Rbi < Rbi−1.

Due to bandwidth constraints, the maximum bit-rate of the
extended data set is connected to the adopted link frequency.
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Fig. 6. Application of (11) to the frequency set in Table III.

There is not a direct relationship between the maximum
allowable bit-rate and the link frequency, but a law can
be retrieved by exploiting values for the maximum bit-rate
at X- and Ka-bands (available from our test-case mission),
called, respectively, Rbmax( fX ) and Rbmax( fKa ){

Rbmax( fX ) = 130 [kbps]
Rbmax( fKa ) = 348 [kbps] (10)

where fX and fKa are the considered frequencies for the
X- and the Ka-bands, respectively, according to Table III.
Though the relationship between the maximum transmission
bit-rate and the considered frequency bandwidth is given by
the Shannon limit (known the signal-to-noise ratio in the worst
case, e.g., 3 dB), there are no specific rules for the allocation
of frequency bandwidths beyond the X-band. In the absence
of any other system requirement, we can adopt a simple linear
relationship to extrapolate the maximum bit-rate Rbmax for the
generic frequency f0

Rbmax( f0) = a f0 + b [kbps] (11)

with ⎧⎨
⎩

a = Rbmax( fKa ) − Rbmax( fX )

fKa − fX

b = Rbmax( fX ) − a fX .

(12)

Formula (11) gives an analog value for the maximum
bit-rate that, in general, does not belong to the allowed discrete
set of data rates. The corresponding discrete value must be
chosen within the extended discrete set of data rates, computed
with (9), by selecting the discrete value closest to (but smaller
than) the computed analog value. Fig. 6 shows the application
of (11) to the frequency set in Table III.

IV. DATA VOLUME AT HIGH-FREQUENCY CHANNELS

Once the simulated time series of Ka-band path attenuation
for the year 2012 at Cebreros, obtained applying SRM to
surface weather data, are available for all selected frequencies
from X- to W -band, we can apply the WF-based methodology
described in Section II-A to test the expected performances of
X-, K -, Q- and W -band channels. Note that all results will be
valid within the assumptions discussed in Section III and, in
particular, assuming that SRM-derived testing measurements
scale in frequency as the model chain predicts. Nevertheless,

Fig. 7. Expected yearly received DV.

Fig. 8. Frequency trend of the expected yearly received DV (symbols indicate
the selected frequencies; linear interpolations are only for graphical purposes).

this evaluation is physically based and self-consistent thus
leading to useful results for the design of future DS missions.
It is worth noting that, for this analysis, we have developed an
updated version of SRM by refining the modules to compute
path attenuation in clear sky and rainy conditions. Moreover,
we have introduced a module to estimate cloud attenuation on
the basis of humidity-driven thresholds and anomaly trends.
This explains why the Ka-band results are slightly different
from the ones in Table II. This does not affect the Ka-band
gain in terms of percentage of received DV with respect to the
standard methodology.

Fig. 7 shows a histogram of actual yearly received
DV for the considered frequency-bands and techniques.
DV is exprssed in percentage with respect to the standard
methodology at Ka-band, which is the reference case.
These results are obtained by applying the DV prediction
chain of Fig. 1 to the frequency-scaled attenuation data.
Fig. 7 highlights that, even though at X-band the three
techniques seems to be equivalent, beyond X-band the
potential (WF-based) methodology turns out to be the
most advantageous. Indeed, received data with the potential
technique increase up to Q-band with a saturation trend
toward the W -band.

Fig. 8 shows the same DV results of Fig. 7 as a function
of frequency. We also plot the trend of the benchmark case
(upper bound) that gives the DV in the case of perfect forecast
(error-free WF) and without any constraint on the transmission
bit-rate. Benchmark results are computed by optimizing the
transmission instant per instant and taking as reference the
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TABLE V

YEARLY RECEIVED DATA VOLUME (AS PERCENTAGE WITH RESPECT TO
REFERENCE) FOR THE METHODOLOGIES DESCRIBED IN TABLE II

AND THE BANDS IN TABLE III

TABLE VI

YEARLY LOST DATA VOLUME (%) FOR THE METHODOLOGIES DESCRIBED

IN TABLE II AND THE BANDS IN TABLE III

actual scenario used to compute actual DV (derived from SRM
applied to weather station measurements).

Fig. 8 shows that the received DV obtained with the
standard and the advanced methodologies is lower than
the one obtained with the potential. Beyond the Ka-band,
these traditional techniques are not convenient: standard
and advanced received DV decreases from Ka- to W -band.
On the contrary, received DV with the potential methodology
increases with frequency (exhibiting a saturation trend when
approaching W -band frequencies). Note that Fig. 8 highlights
as the potential methodology has a trend similar to the
benchmark.

Finally, Table V reports yearly received DV shown
in Figs. 7 and 8 (expressed in percentage with respect
to the reference case) and Table VI reports the percent-
age of yearly lost data. By definition, the benchmark case
in Table VI always gives zero losses. A joint observation of the
two tables suggests that the potential (WF-based) methodology
at Ka-band provides the best compromise between received
and lost data.

As already noticed, at X-band, the three methodologies
seem to be equivalent in terms of received DV (Table V).
This confirms that, for low frequencies, the atmospheric vari-
ability is reduced and there is no great difference among the
considered techniques for the link-budget design. Table V
confirms that received DV with potential (WF-based) method-
ology increases with frequency up to Q-band. Moving from
Q- to W -band, the received DV with potential methodology
does not increase significantly, but yearly losses (Table VI)
remain under reasonable values (lower than 4%). This makes
the W -band appealing if coupled with the potential WF-based
technique.

V. CONCLUSION

A WF-based radiometeorological model chain for DV pre-
diction was previously developed for DS communications at

Ka-band. On the basis of this Ka-band simulation data set and
using available specifications of test-case space missions, we
have accomplished a frequency scaling to extend the Ka-band
results to other frequencies. We have applied the frequency
scaling concepts to atmospheric attenuation data, radiolink
parameters, and maximum selectable transmission bit-rate, in
order to investigate the expected performances of X-, K -, Q-,
and W -bands frequency-channels.

The conclusion of this paper is that, increasing the
frequency, the dynamic of path attenuation increases
too and WF-based methodology is able to manage this
variability in a useful way. In a dry continental climate
(e.g., Cebreros area), the proposed potential WF-based
technique for DV prediction allows increasing the
link-frequency for DS transmissions up to the Q-band. On the
contrary, traditional link-budget techniques became unsuitable
beyond the Ka-band. From Q- to W -band, the received
DV with potential WF-based technique does not increase
significantly but losses remain under reasonable values, thus
making the W -band suitable if coupled with this technique
(which exhibits a trend similar to the benchmark case).

Future works will be devoted to test the frequency
scaling rules, derived from numerical simulations, possibly
using ground-based receiving stations at frequencies beyond
Ka-band and available microwave radiometric measurements.
A further refinement of the numerical WF model and its
coupled radiative transfer scheme is planned by exploiting
the synergy among radiosoundings, weather surface, and
microwave radiometric data.

APPENDIX A
ITU-R FREQUENCY SCALING FROM Ka-BAND

In order to be consistent with our physically-based radiome-
teorological model framework, we have derived the frequency
scaling expression for instantaneous path attenuation in (1), as
described in Section III-A. This frequency scaling approach
can be compared with two available ITU-R procedures, both
based on ITU recommendations related to rain path attenuation
even though for different time scales.

Within the first procedure, we have computed rain specific
attenuation (at each frequency band) from rain-rate by using
ITU-R coefficients [24] and modeling rainfall through a rain
slab. Zenithal path attenuation Az can be expressed by means
of the specific attenuation Azs at frequency f

Az( f ) = AzS( f )(HR − HS) [dB] (A1)

where HR is the climatological rain height (in km) computed
according to ITU-R 839 [23] with Cebreros geographical
coordinates (HR ≈ 2.9 km), HS is the site height above sea
level (0.794 km in Cebreros), and AzS is the specific rain
attenuation related to the rain-rate R (mm/h) through

AzS( f ) = k( f )Rα( f ) [dB/km] (A2)

with the frequency-dependent coefficients k and α computed
for circular polarization according to ITU-R 838 [24] and
reported in Table VII.

By numerically simulating path attenuation with
(A1) and (A2) at the frequencies of interest (using a
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TABLE VII

COEFFICIENTS FOR (A2) FROM ITU-R 838

TABLE VIII

REGRESSION COEFFICIENTS FOR (A3) WITH f 1 = 32 GHz

rain-rate from 0.1 to 100 mm/h), we have derived the
power-law regression between short-term (instantaneous) rain
attenuations at frequencies f1 and f2

Az( f2) = a Ab
z ( f1) [dB]. (A3)

By assuming Az( f1) equal to the path attenuation at Ka-band,
we have retrieved the regression coefficients a and b reported
in Table VIII for all frequency bands listed in Table III.

Within the second procedure, we have computed attenuation
values at the considered bands by applying the frequency
scaling laws reported in ITU-R 618 [25] to path attenuation
at Ka-band. ITU-R 618 illustrates a long-term frequency scal-
ing of rain attenuation statistics and, in principle, it should not
be applied to instantaneous path attenuation, but it may provide
a term of reference. The long-term relationship between rain
zenithal attenuations at two frequencies f1 and f2, valid in the
range 7–55 GHz, is given by [25]

Az( f2) = Az( f1)
ϕ( f2)

ϕ( f1)
exp

[
1 − H f (ϕ( f1), ϕ( f2), Az( f1))

]
(A4)

where⎧⎪⎪⎨
⎪⎪⎩

ϕ( f ) = f 2

1 + 10−4 f 2

H f = 1.2 · 10−3
(

ϕ( f2)

ϕ( f1)

)0.5

[ϕ( f1)Az( f1)]0.55.

(A5)

By using (A4), we have numerically computed the attenu-
ation Az( f2) corresponding to the attenuation at X-, K -, Q-
and W -bands (according to the frequencies in Table III) as a
function of path attenuation Az( f1) at Ka-band.

Fig. 9 shows the comparison between the SNEM-based
regression laws in (1) and those derived from ITU-R models
in (A3) and (A4). Even though the frequency scaling (A4),
described in the ITU-R 618, is valid up to 55 GHz,
for graphical purposes, we have extended the results
up to W -band. The comparison shows a fairly good agreement
between the SNEM-based frequency scaling and the one from
ITU-R models. The performances are almost comparable
at X-, K -, and Q-band with maximum errors of 0.5–0.6 dB
for attenuation values up to 15 dB at 32 GHz. However,
at X-band, the three regression curves exhibit a different trend
for values larger than about 0.5 dB. In particular, for X-band
larger path attenuation, the ITU-R frequency scaling of (A3)

Fig. 9. Comparison between the frequency-scaling regressions in (1), derived
from the SNEM database, the ITU-R power-law regression in (A3), and
the ITU-R 618 frequency scaling in (A4). The regressions are between the
attenuation at Ka-band (32 GHz) and the attenuation at (a) X-, (b) K -,
(c) Q-, and (d) W -bands.

seems to be strongly affected by the power-law trend due to
the relatively smaller value of coefficient a and higher value
of coefficient b in (A3) with respect to a and b values at
other frequencies (see Table VIII). These values are directly
related to k and α coefficients (Table VII) that, according
to ITU-R 838 [24], exhibit a maximum and a minimum
value, respectively, just around the frequency of 8 GHz.
At W -band (panel d), the SNEM-based frequency scaling is
in a very good agreement with ITU-R 618 long-term frequency
scaling. The ITU-R frequency scaling of (A3) gives a slight
underestimation with respect to the other two lines with a
maximum error of about 3 dB for attenuation values of 15 dB
at 32 GHz. Even though the ITU-R 618 long-term frequency
scaling is suitable for rain statistics, this intercomparison with
the SNEM-based results may suggest a frequency-scaling
coherency between short-term and long-term behavior.

APPENDIX B
SYSTEM REQUIREMENTS FOR FREQUENCY SCALING

The principal parameters involved in the link budget of a
satellite-to-Earth communication are the GS antenna maxi-
mum gain G and the spacecraft effective isotropic radiated
power (EIRP). In order to express the frequency scaling of
these system parameters, we can assume that the antenna
size of transmitting and receiving system is unchanged when
frequency is varied.

Recalling the relationship between the GS antenna gain (Ĝ)
and the antenna geometric area (Ageo) we have

Ĝ = 4π

λ2 Ageoηaηr [adim] (B1)

where ηa and ηr are the aperture efficiency and the radiation
efficiency of the antenna and λ = c/ f is the wavelength of
the link operating at a frequency f (c is the speed of light).
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Note that the mark “ ˆ” indicates the adimensional linear value
of the quantity, in contrast with the value in decibels. Thus,
the relationship between the gain of two antennas operating at
two generic frequencies, f1 and f2, can be retrieved from (B1)

Ĝ( f2) =
(

4π

λ2
2

Ageo2ηa2ηr2

)
λ2

1 Ageo1ηa1ηr1

λ2
1 Ageo1ηa1ηr1

=
(

4π

λ2
1

Ageo1ηa1ηr1

) (
λ1

λ2

)2 Ageo2

Ageo1

ηa2ηr2

ηa1ηr1

= Ĝ( f1)F̂G (B2)

where the subscripts 1 and 2 correspond to the frequencies f1
and f2 and the gain scaling factor F̂G is

F̂G =
(

λ1

λ2

)2 Ageo2

Ageo1

ηa2ηr2

ηa1ηr1
[adim]. (B3)

If we assume that the two antennas have the same geometric
area and the same efficiencies (Ageo1 = Ageo2, ηa1 = ηa2,
and ηr1 = ηr2), we can write the gain scaling factor (B3) in
decibels as

FG = 10log10

[(
f2

f1

)2
]

[dB]. (B4)

Note that, considering the dB values, it is

FG = G( f2) − G( f1) [dB]. (B5)

The spacecraft EIRP is given by

EIRP = PTX + Gsc − L [dBW] (B6)

where PTX is the spacecraft transmitted power [dBW],
Gsc is the spacecraft antenna gain [dBi], and L is the
spacecraft loss factor [dB] including circuit losses, voltage
standing wave ratio losses, and pointing losses. Considering
two spacecrafts operating at two generic frequencies f1 and f2
we can write

EIRP( f2) − EIRP( f1)

= (PTX( f2) − PTX( f1))

+ (Gsc( f2) − Gsc( f1)) − (L( f2) − L( f1)). (B7)

Assuming the same transmitted power PTX( f2) = PTX( f1),
we can write EIRP( f2) in function of EIRP( f1)

EIRP( f2) = EIRP( f1) + Gsc( f2) − Gsc( f1)

− (L( f2) − L( f1)). (B8)

Applying the gain scaling factor in (B4) and (B5) to
spacecraft gains Gsc( f1) and Gsc( f2), we can write (B8) as

EIRP( f2) = EIRP( f1) + FG + FL (B9)

where according to (B4), FG = (Gsc( f2)−Gsc( f1)) and FL =
(L( f2)− L( f1)) is the loss scaling factor. Thus, we can define
the EIRP scaling factor FEIRP

FEIRP = FG + FL [dB]. (B10)

By exploiting known spacecraft parameters for the space-
craft EIRP, PTX, GSC, and L at X- and Ka-bands, we have
found the following relationship for FEIRP:

FEIRP = FG + 10 log10

[(
f1

f2

)1/2
]

[dB]. (B11)

Checking the expressions (B5) and (B9) with known values
of GS gain and spacecraft EIRP at X- and Ka-band, we have
found errors of about 1 to 2–2.5 dB.
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