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Frequency scaling for rain attenuation has become a critical issue in satcom systems that recently consider the extensive use of Q/V-band for their feeder links. We developed a frequency scaling model for rain attenuation that intends to take into account the specificities of rain attenuation when the frequency increases towards those bands (dependence on the drop size distribution, DSD). The model relies on the characterization of the DSD main parameters from the measurement of rain attenuation at two distinct frequencies. Knowing the DSD shape and slope, it is theoretically possible to derive the attenuation caused by the precipitation it represents. We present the idea behind the model, and the test results against ITALSAT propagation campaign data as measured in 1996 at Spino d'Adda (Italy), thus including three frequencies: 18.7 (Ka) and 39.6 GHz (Q) for the DSD parameters characterization, 49.5 GHz (V) being the target frequency of the scaling.

INTRODUCTION

Recently, the growing need for higher data rates in telecommunications has led to the congestion of the traditional bands. The transition to the Ka-band is already underway and future satcom systems into investigation may use Q and V bands for their feeder links. If the gain in bandwidth allows to momentarily fulfil the user's needs, liquid precipitations in the troposphere can cause the signal to be attenuated by amounts not always dealt with by traditional Fade Mitigation Techniques (FMTs, such as Up-Link Power Control or Adaptive Coding and Modulation). Other mitigation techniques need to be considered -such as Site Diversity -but their implementation for a large number of gateways over continental areas is a technical challenge in many ways. One in particular is to decide whether or not to re-route the signal from one gateway to another. In order to do this, a simple approach consists in monitoring the attenuation at the time 𝑡 and frequency 𝑓 1 and to predict the attenuation at time 𝑡 + Δ𝑡 and frequency 𝑓 2 (i.e. the frequency of the feeder up-link).

Models already exist that can scale rain attenuation from 𝑓 1 to 𝑓 2 (for example the two models available in Rec. ITU-R P.618-13), nevertheless as both 𝑓 2 and Δ𝑓 = 𝑓 2 -𝑓 1 increase they tend to be less and less accurate. The basic assumption that rain attenuation strongly depends on the rain rate is valid in first approach, but as the frequency increases it is more and more dependent on the shape of the drop size distribution. A typical modelling of raindrop is the Marshall-Palmer [START_REF] Marshall | Relation of raindrop size to intensity[END_REF] or Laws and Parsons [START_REF] Laws | The relation of raindrop-size to intensity[END_REF] distribution which is exponential: the steeper the slope the lower the rain rate. However, more complete representations of the DSD are available (e.g. the Gamma function). If the scattering and absorbing properties of individual raindrops of diameter 𝐷 are known, the specific attenuation [dB/km] due to the precipitation described by its DSD can be computed. The idea behind the proposed model is to use the attenuation caused by rain at two lower frequencies 𝑓 0 and 𝑓 1 , along with knowledge of the absorbing and scattering properties of raindrops at those frequencies, to determine the DSD parameters, and then to scale the attenuation to a third frequency 𝑓 2 by using the newly found DSD and the scattering properties of the raindrops at that upper frequency.

The paper is divided in three sections: Section I describes the model in more detail, while Section II presents examples of the scaling model results based on rain events of the ITALSAT propagation campaign [START_REF] Giannone | The Italsat propagation experiment[END_REF]. Section III is an attempt at statistically quantifying the accuracy of the model with respect to actual measurements and other models with one year (1996) of rain events of the ITALSAT propagation campaign data acquired at Spino d'Adda -Italy.

II. SCALING MODEL

The scaling method is based on the characterization of the DSD by resolution of integral equations.

Those equations are available when studying the microwave scattering and absorbing properties of a rain drop of diameter 𝐷 crossed by a signal at frequency 𝑓 at temperature 𝑇: 𝜎 𝑒𝑥𝑡 (𝐷, 𝑓, 𝑇) [m 2 ]. According to [START_REF] Hulst | Light scattering by small particles[END_REF] the specific attenuation [dB/km] of a population of raindrops described by their DSD, 𝑛(𝐷) [m -3 .mm -1 ] is:

𝛾 = 4.343 × 10 3 ∫ 𝜎 𝑒𝑥𝑡 (𝐷, 𝑓, 𝑇)𝑛(𝐷)d𝐷 ∞ 0 (1)
Meanwhile, the Gamma function is a commonly used function for the DSD:

𝑛(𝐷) = 𝑁 0 𝐷 𝜇 exp(-Λ𝐷) ( 2 
)
where 𝜇 is the shape parameter and Λ the slope parameter. Ulbrich found in [START_REF] Ulbrich | Natural Variations in the Analytical Form of the Raindrop Size Distribution[END_REF] that, by analyzing a wide range of rain events of various types, there in fact existed an average relationship linking 𝑁 0 to 𝜇: 𝑁 0 = 6 × 10 4 exp(3.2𝜇). As such, the DSD can be wholly characterized by its shape and slope parameters. Starting from two measurements of the specific rain attenuation (𝛾 0 and 𝛾 1 ) at two distinct frequencies 𝑓 0 and 𝑓 1 , and provided that the extinction cross sections at both frequencies are known, it could be possible to solve the system of equations generated by (1) at both frequencies, and to find the shape and slope parameters of the DSD. Then, the frequency scaling of rain specific attenuation could be performed to any target frequency 𝑓 2 by reusing (1), giving the scattering properties of the raindrops are known at this frequency.

In order to be able to implement this technique on actual beacon measurements the following methodology was followed:

1. Derive the specific attenuations from in-excess attenuations divided by the slant path 𝐿 of the signal under the rain height at the current location: 𝛾 = 𝐴/𝐿. The rain height can be estimated using a unique value given by Rec. ITU-R P.839-4. 2. Compute the extinction cross sections 𝜎 𝑒𝑥𝑡 (𝐷, 𝑓, 𝑇) by assuming spherical raindrops, which allows us to make use of Mie's theory of scattering.

From 1 and 2 it is clear that some strong assumptions have been made:  Either the DSD is constant and non-null all along the slant path under the rain height, or the DSD and the specific attenuation derived are average estimates of 𝛾(𝑥) and 𝑛(𝐷, 𝑥) where 𝑥 is the curvilinear abscissa along the slant path, 𝐿.  The rain height is constant for each location where the frequency scaling is tested.  The temperature of the raindrops is constant (equal to 290 K) under the rain height, allowing to apply the algorithm without further experimental input.

The impact of each hypothesis has been tested and it has been concluded that proceeding with those broad assumptions was acceptable as a first attempt to test the model with real data. The impact of rain height and temperature was studied using equally-spaced values: 1 km ≤ ℎ 𝑟 ≤ 6 km and 265 K ≤ 𝑇 ≤ 305 K. As far as the DSD is concerned, a NWP model was used (WRF-ARW, [START_REF] Skamarock | A Description of the Advanced Research WRF Version 3[END_REF]) to generate a high resolution description of the troposphere over Toulouse on the 2016/05/25. By linking the rain water content 𝜌 in each voxel of the simulation to the shape of a simpler exponential DSD, 𝑛(𝐷) = 𝑁 0 exp(-Λ𝐷) with fixed 𝑁 0 , it has been noticed that the slope parameter Λ is relatively constant for various altitudes under the rain height, except near the rain height itself where rain begins to decrease (and Λ increases). This validates the first assumption for temperate climate regions.

Last but not least, provided a formula for the terminal velocity of raindrops is available, the estimation of 𝜇 and Λ also gives an estimation of the rain rate along the slant path: 𝑅 = ∫ 𝑀 𝑤 𝑣(𝐷)𝑛(𝐷)d𝐷, where 𝑀 𝑤 [kg.m -3 ] is the volumetric mass for liquid water and 𝑣(𝐷) [m.s -1 ] the velocity of raindrops of diameter 𝐷 (𝑣(𝐷) = 17.67𝐷 0.67 with 𝐷 in centimeters, see [START_REF] Ulbrich | Natural Variations in the Analytical Form of the Raindrop Size Distribution[END_REF]).

III. TESTING THE MODEL ON SPECIFIC RAIN EVENTS

The first implementation of the model was tested for various rain events measured in Spino d'Adda for the ITALSAT propagation campaign during 1996. The variables used for the test were the in-excess attenuation in dB for three frequencies: 18.7, 39.6 and 49.5 GHz. The scintillation was removed from the time series and the scaling methods applied on the filtered time series. The methods used are:



The model described in this article using the inexcess filtered attenuations 𝐴 18.7 and 𝐴 39.6 as inputs. The scaling was done to the target frequency 49.5 GHz. 



The long-term frequency scaling method of Rec. ITU-R P.618-13 using as input the filtered inexcess attenuation 𝐴 39.6 to compute the in-excess attenuation at the target frequency 49.5 GHz.

In both cases the scaled attenuation 𝐴 49.5 ̃ was visually compared to the real measured in-excess attenuation 𝐴 49. [START_REF] Ulbrich | Natural Variations in the Analytical Form of the Raindrop Size Distribution[END_REF] . In order to illustrate the impact of the DSD on rain attenuation and frequency scaling problems we plotted in Fig. 1 and Fig. 2 the scatter plots of the 8 th rain event during the 1996/08/11 at Spino d'Adda.

The colors of the point are arranged in such a way that the beginning of the event is in blue and its end in red. The scatter graph in Fig. 1 between 18.9 and 39.4 GHz shows the well-known hysteresis effect (e.g. [START_REF] Sweeney | Hysteresis effects in instantaneous frequency scaling of attenuation on 20 and 30 GHz satellite links[END_REF], [START_REF] Hendrix | Multigigabit transmission through rain in a dual polarization frequency reuse system: an experimental study[END_REF]) that occurs during specific rain events: 𝐴 39.6 (𝑡) cannot be estimated from 𝐴 18.7 (𝑡) only. The changing shape of the DSD can be responsible for this behavior. The same scatter plot between 39.4 and 49.5 GHz shows much less dispersion as the two frequencies are closer. When adding on top of the measured (colored) points the scatter plots corresponding to 𝐴 39.4 (𝑥axis, measured) versus 𝐴 49.5 ̃ (𝑦-axis) either from the proposed model in black or from Rec. ITU-R P.618-13 in dotted grey, the importance of having two frequencies to estimate the target attenuation becomes clear. The grey plot simply shows the incapacity of the bijection 𝑓 𝐼𝑇𝑈-𝑅 𝑃.618 : 𝐴 39.5 ↦ 𝐴 49.5 to reproduce the hysteresis effect. It is expected that the approach proposed in this article may be able to improve the frequency scaling for those specific periods.

Fig. 3 shows the different attenuations during the same event along with the results from the frequency scaling models (dashed black and dotted grey). The attenuation is not the only output from the model of this article, as the estimated rain rate (green), shape (light blue) and slope (orange) parameters are also represented. Concerning the attenuation at 49.5 GHz, it appears that the new model does a better job at reproducing the measured behavior, except at the end of the event where the ITU-R model is better and the current model is over-estimating. Regarding this point it is possible that low in-excess attenuations could be badly estimated by the DSD model as they are more impacted by cloud attenuation whilst the model deals with rain attenuation only. Another reason for this could be that the very low attenuations used as input at 18.7 GHz may suffer more from noise than those at 39.6 GHz, which are used by the ITU-R model as a sole input. The estimated rain rate increases with the attenuation as expected, and follows the same trends as the 39.6 GHz attenuation whereas the slope from the 18.7 GHz attenuation is not always reproduced in the rain rate curve. The DSD parameters (lower inset of Fig. 3) take extreme values and change quite rapidly in a nonphysical manner and it is not expected that such values and sudden changes in the particle size distribution happen in temperate climates -especially as the DSD depicted here is averaged along the slant path. However, it seems that the two discontinuities leading to the sudden drop in 𝜇 and Λ are due to an acquisition problem on the 18.7 GHz beacon (see 11h21m17s and 27s). This behavior is problematic and may be solved by imposing constraints when solving the system of equations generated by ( 1): maximum rain rate, shape and slope parameters linked to the previous estimated values, boundary conditions, threshold detection on the lower frequency, etc.

IV. TOWARDS A STATISTICAL ANALYSIS OF THE SCALING ERROR

For the frequency scaling error we introduced another model which brings the number of estimated scaled attenuations at 49.5 GHz to three: the model relying on the log-normal conditional probability of rain attenuation given in Sec. 2.2.1.3.1 of Rec. ITU-R P.618-13. At each time sample, the attenuation at the highest frequency was estimated from the conditioned log-normal mean and standard deviation by using the most probable value of the distribution, i.e. exp( 𝜇(𝐴 39.6 (𝑡)) -𝜎 2 ).

During the year 1996, 407 in-excess attenuation events were recorded in Spino d'Adda, the attenuation samples from these events at the three frequencies were used to compute the following scaled attenuations 𝐴 

A. Complementary Cumulative Distribution Functions

The CCDF of in-excess attenuation was computed from the time series extracted from those events, the rest of the year 1996 being filled with zeros. In addition to the CCDF at the three frequencies, we computed the distribution from the scaled attenuations at 49.5 GHz (see alphabetical list in the previous paragraph). The results are shown in Fig. 4. It seems that the frequency scaling model based on the DSD (a) leads to a faint overestimation of the CCDF at low attenuations (𝐴 49.5 < 10 dB), however it gives a better estimate for the low percentages of time than the other models from the ITU-R. Differences are however limited and, in any case, it seems that the DSD model fails to reproduce the highest attenuations, as do its ITU-R counterparts.

B. Binned statistics of the scaling error

In order to characterize the instantaneous scaling error we introduced binned statistics of the relative difference between the scaled and the measured attenuation: At lower attenuations (𝐴 49.5 ≤ 8 -10 dB) the DSD model tends to overestimate the target attenuation. This behavior was already noted in Section II Fig. 3, and possible causes were listed.

V. CONCLUSIONS

A frequency scaling model based on the characterization of the DSD that makes use of two beacons measurements at distinct frequencies has been developed. The first implementation of the model implies many assumptions concerning the transformation from integrated to specific attenuations and vice-versa, but also concerning the scattering properties and geometric extent of rain. Despite all these assumptions, the first implementation of the model gives encouraging results especially for high target attenuations.

Further validation is needed on more complete and different datasets. The use of combined beacon measurements with disdrometer and/or rain radar data could also be a promising way to go on. Future works and perspectives are numerous as many aspects of the algorithm can be improved, non-exhaustively: rain height estimation, temperature profiles, boundary conditions and constraints, better system solving and use of additional external inputs such as rain rates.
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 12 Fig. 1. Scatter plot of attenuation at 39.6 GHz vs. attenuation at 18.7 GHz as measured in the ITALSAT campaign during rain event #8 on the 1996/08/11 at Spino d'Adda. The color code describes time, from the beginning of event (blue) to the end (red)
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 3 Fig. 3. Top -Attenuations at 18.7 (blue), 39.6 (red) and 49.5 GHz (black) as measured in the ITALSAT campaign during rain event #8 on the 1996/08/11 at Spino d'Adda. The dashed black curve represents the attenuation scaled at 49.5 GHz with the model described in this article, and the dotted grey curve with the model from Rec. ITU-R P.618-13. The green curve is the estimated rain rate (right y-axis). Bottom -Estimated shape (light blue, left y-axis) and slope (orange, right y-axis) parameters with the model described in this article.

  49.5 ̃(𝑡 𝑖 ): (a) The model described in this article, with inputs 𝐴 39.6 (𝑡 𝑖 ) and 𝐴 18.7 (𝑡 𝑖 ) (b) The long-term model from Rec. ITU-R P.618-13 with input 𝐴 39.6 (𝑡 𝑖 ) (c) The model from Rec. ITU-R P.618-13 relying on the log-normal distribution, with inputs the lognormal parameters at both frequencies (39.6 and 49.5 GHz) and 𝐴 39.6 (𝑡 𝑖 ).

  𝜀 = 𝐴 49.5 ̃-𝐴 49.5 [dB]. Doing that, we introduced bins of target measured attenuations 𝑎 49.5 (𝑘) = 0, 2, 4, … , 30 dB, and computed various statistics for each set of samples: 𝐸 𝑘 = {𝜀(𝑡), ∀𝑡 such as 𝐴 49.5 (𝑡) ∈ [𝑎 49.5 (𝑘) , 𝑎 49.5 (𝑘+1) [} The statistics computed in each 𝐸 𝑘 are represented in Fig. 5:  the median relative error (circles)  the RMS error (squares)  the 80 th and 20 th percentiles of the absolute error (arrowed error bars) The statistics in Fig. 5 are shown with respect to the target attenuation bins 𝑎 49.5 (𝑘) in abscissa. The three curves represent the statistics of the error for each of the models used: (a) in red, (b) in blue and (c) in green.For all models the scaling error increases for high target attenuations, more precisely the models tend to underestimate the real attenuation. This trend is even more confirmed for the ITU-R long-term model (b), whereas the DSD model (a) and the other ITU-R model (c) behave similarly at high attenuations. Examining the error bars (20 th to 80 th percentiles) it seems that the DSD model (a) gives the lower dispersions. This tendency is verified when

Fig. 4 .

 4 Fig. 4. In-excess CCDF from the ITALSAT campaign in 1996 at Spino d'Adda, extracted from the rain events directly: 18.7 GHz in blue, 39.6 GHz in red and 49.5 GHz in green. The black curve represents the CCDF from the scaled times series with the model (a), the dashed curve with model (b) and the dotted grey curve with (c).
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