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Real-time estimation of the tropospheric attenuation impinging the feeder uplink of VHTS systems operating at Q/V band

To achieve the required high availability needed for the feeder links of new satcom systems using Q/V-band, site diversity techniques are necessary to supplement classical Fade Mitigation Techniques. In the case of site diversity based on N+P concept (Smart Gateways), the estimation of the attenuation in the V-band is critical to decide when to switch from the faded Gateway Earth Station (GES) to another one. In this paper, we present a methodology to take the decision of GES switching based on the estimation of the attenuation on the feeder uplink from real time measurements of the carrier to noise and interference ratio (SNIR) on the return link. The SNIR measurements are used to estimate when the attenuation on the feeder link is greater than a given threshold. A baseline scenario is presented corresponding to a GES and a User Earth Station (UES) at a distance where the UES uplink is considered to be in clear sky condition and the feeder downlink is impacted by a variable atmospheric attenuation.

Introduction

To provide a higher capacity than current High Throughput Satellite systems (HTS) where Kaband resource is shared between feeder and user links, a first solution is to allocate the full bandwidth available at Ka-band in the considered region to user links (up and down) only. The use of a higher frequency band for the feeder links between Gateway Earth stations (GES) and the satellite is then considered for the design of Very High Throughput Satellite systems (VHTS) in development.

Migrating to a higher frequency offers wider available bandwidth required to convey the large data rate needed on the feeder links with a limited number of gateways. However, higher radio link frequencies are more disturbed by propagation effects and particularly by attenuation due to rain, clouds, water vapor and oxygen. As high attenuation occurs just for small time percentages during a year, adaptive Fade Mitigation Techniques (FMT) are used in order to avoid setting a too large static power margin. FMTs currently used for HTS systems (such as Up-Link Power Control or Adaptive Coding and Modulation) are not sufficient to achieve high availability at Q/V band when the link is subject to strong rain events. Then, site diversity (SD) techniques based on the use of redundant gateways become necessary.

The site diversity technique developed in the 80's for the feeder link of broadcasting satellite systems relies on the fact that two feeder stations (hubs) separated by a distance greater than the size of a convective rain cell (5 -10 km) are not simultaneously in outage and are almost statistically independent if this distance is at least 50 to 100 km. Then, when the nominal hub is affected by a large event, the traffic is re-routed via the less impaired redundant hub [START_REF] Castanet | Fade mitigation techniques for New SatCom services at Ku-band and above: a review[END_REF].

Considering this technique for VHTS to ensure the feeder link required availability, a standard site diversity technique where the number of gateways is duplicated, would lead to a large increase of the underlying costs and logistical problems [START_REF] Skinnemoen | Gateway diversity in Ka-band systems[END_REF]. Therefore, in order to limit the number of redundant GES, another type of site diversity has been proposed, called "smart gateways" in "site diversity N+P" configuration (SD-N+P: N nominal GES and P backup GES) [START_REF] Jeannin | Smart gateways for terabit/s satellite[END_REF].

Most VHTS systems will make use of GES diversity technique based on the SD-N+P concept. Then the estimation of the attenuation in the V-band is critical to decide the moment when it is appropriate to proceed with the switch of GES. It has to be noted that if this estimation is not sufficiently accurate, unnecessary switches can occur due to false alarms (actual fade smaller than estimated) or on the opposite, link performance could be degraded more than the given threshold in case of missed detection (actual fade larger than estimated).

Therefore, in the present paper a methodology to take the decision of switching GES based on the estimation of the attenuation on the feeder uplink from real time measurements at the given GES of the carrier to noise and interference ratio (SNIR) on the return link is analysed. The main goal is to use the SNIR measurements to estimate when the attenuation on the feeder uplink is greater than a given threshold, (selected in the case of this study to be 15 dB: 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) = 15 dB). When the estimated attenuation overpasses the selected threshold then, the traffic handled by this GES needs to be re-routed to another GES. It is assumed that attenuations lower than the selected threshold are compensated by ULPC and ACM.

The paper is divided in two sections. Section 2 defines the architecture of the satellite communication system studied. Section 3 describes the studied scenario in which the UES and the GES are supposed to be separated enough so that the user up-link would be in a clear sky situation when the feeder downlink is under a variable excess attenuation. Finally, conclusions are drawn and perspectives for the continuation of the work are given. The forward link is presented in Figure 1 to illustrate the target of the analysis, i.e. how much attenuation is impairing the feeder uplink at V-Band. However, SNIR measurements at the UES are not considered in this study.

Satellite communication system architecture

If the GES is under a rain event, this affects both the V-band feeder uplink of the forward link and the Q-band feeder downlink of the return link. In detail, the analysis focuses on the feasibility of the accurate identification of the target feeder uplink attenuation at V-band based only on the SNIR measurement of the return link originating from a selected UES.

Then it is investigated whether the attenuation on the feeder link can be estimated with good confidence from the variation of the SNIR of the return link, assuming:

 An accurate frequency scaling method to infer attenuation at V-band from measured attenuation at Q-band,  The variation of the SNIR is mainly driven by the suffered attenuation on the feeder downlink of the return link. This depends on the balance between user uplink and feeder downlink, on the weather conditions on the UES, and on the level and variability of interference.

Two characteristics of the return link SNIR are considered to get some information on the sensitivity of the proposed methods:

 The difference (called in the following "Delta SNIR return") between the return link SNIR in clear sky condition and the return link SNIR when the target attenuation (= 15 dB) is crossed on the feeder uplink.  The slope of the overall return link SNIR curve when the target attenuation (= 15 dB) is crossed on the feeder uplink.

In order to perform the study, a reference return link budget in clear sky was established from a detailed set of link budget parameters. Based on these, a sensitivity analysis is performed in Section 3 on the return link total SNIR. Some variations of the initial assumptions are studied:  Section 3.1: User uplink constant in clear sky & feeder downlink with variable attenuation  Section 3.2: User uplink & feeder downlink with variable attenuation

Baseline scenario: GES and UES at a distance -Sensitivity analysis

The baseline scenario corresponds to a feeder downlink for which the excess attenuation (𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛)), corresponding to the attenuation in precipitating systems, that is including cloud and rain attenuation, is varied from 0 to 30 dB considering the clear sky attenuation remains constant, while the user uplink operates in clear sky condition (𝑨𝒕𝒕 𝒄𝒔 (𝟑𝟎𝑮𝑯𝒛) = 𝒄𝒐𝒏𝒔𝒕) It can be seen from the obtained results that the up and down link budgets are slightly unbalanced of 5 dB in clear sky conditions. In other terms, in clear sky conditions the overall return link budget is more driven by the user uplink (C/(N+I) of 12 dB as the (C/(N+I) for the feeder downlink is 17 dB).

From the curves shown in the graph, two main features deserve some analysis:  The slope of the total return link SNIR curve,  The difference between the overall SNIR in a clear sky condition and the overall SNIR at the target feeder uplink attenuation of 15 dB at 50 GHz.

First, the slope of the overall return link SNIR curve determines the sensitivity of the measured total SNIR to the actual variation of the excess attenuation on the feeder downlink (40 GHz) from which in turn the feeder uplink attenuation at 50 GHz will be scaled using frequency scaling model.

Given an overall return link SNIR measurement error at the GES, the value of the return link SNIR slope translates into a related uncertainty in the estimation of the attenuation at 40 GHz. Then in a second step, assuming a known relationship between a variation of the attenuation at 40 GHz and the related variation of the attenuation at 50 GHz, the uncertainty on the estimation of the attenuation at 50 GHz can be assessed.

For values of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛) corresponding to an expected feeder uplink attenuation of 15 dB, the 𝐂/(𝐍 + 𝐈) 𝒓𝒆𝒕 slope is equal to -0.76 dB/dB (see Figure 2).

Assuming an overall return link SNIR estimation error of 0.2 dB, the uncertainty in the determination of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑯𝒛) could be expressed as the measurement error divided by the return link SNIR slope, that is:

𝐴𝑡𝑡 𝑒𝑥𝑐 (40𝐺𝐻𝑧) uncertainty = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟 | C/(N + I) 𝑟𝑒𝑡 slope| = 0.2 𝑑𝐵 0.76 dB/dB = 0.26 𝑑𝐵 (1) 
Then the uncertainty in the estimation of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) = 15 dB can be evaluated by multiplying the uncertainty in the determination of 40 GHz by a factor linking a delta attenuation at 40 GHz and a delta attenuation at 50 GHz for the target 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) = 𝟏𝟓 𝒅𝑩. Around the target attenuation value of 15 dB at 50 GHz, this factor could be taken as 1.25, according to the long term frequency scaling factor predicted by the ITU-R recommendation (upper and bottom scales values of Figure 2). 𝐴𝑡𝑡 𝑒𝑥𝑐 (50𝐺𝐻𝑧) @15dB uncertainty = 0.26 𝑑𝐵 𝑥 1.25 = 0.32 𝑑𝐵

It can be clearly seen from Equations ( 1) and ( 2) that the smaller the slope, the greater the uncertainty in the estimation of the attenuation in the feeder uplink.

Another parameter to be considered, on top of the slope of the SNIR curve, is the difference between the overall return link SNIR in clear sky condition and the overall return link SNIR at the target feeder uplink attenuation (called here: "Delta SNIR return"). That difference expresses as follows with the values obtained from the graph:

C N + I 𝑟𝑒𝑡 (@𝑐𝑠) - C N + I 𝑟𝑒𝑡 (@𝐴𝑡𝑡 𝑒𝑥𝑐 (50𝐺𝐻𝑧)≤15dB) = 11.3 𝑑𝐵 -6 𝑑𝐵 = 5.3 𝑑𝐵 (3) 
A large value of the Delta SNIR return will facilitate the accurate detection of the attenuation suffered by the feeder uplink taking into account a given overall return link SNIR measurement error by the GES. Therefore this will translate into a better sensitivity in the estimation of the attenuation at 50 GHz from the variations of the overall return link SNIR.

User uplink in clear sky & Feeder downlink with variable total attenuation

To illustrate the variation of the overall return link SNIR and of the feeder downlink SNIR as a function of variable in-excess attenuation at 40 GHz resulting from real propagation events (the user uplink is still assumed to be in clear sky situation as in the previous case), the total attenuation in the feeder link is varied thanks to the introduction of a time series of propagation measurements. One day of total attenuation measurements collected in Toulouse from the ALPHASAT propagation experiment at 40 GHz [START_REF] Boulanger | Ka and Q band Propagation Experiments in Toulouse using ASTRA 3B and ALPHASAT Satellites[END_REF] where the maximum attenuation achieved was 26 dB is introduced in the link budget (see Figure 3 and Figure 4). As it can be seen on Figure 5, and the histogram of Figure 4, there are multiple excess attenuation values that correspond to a same value of total return SNIR. This is due to the variation of the clear sky attenuation on the feeder downlink. In consequence, even if there is no measurement error of the total SNIR by the GES, the dispersion in the values of the feeder downlink attenuation yields an increase in the uncertainty of the 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛) and then an increase in the estimation of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) ≤ 15 dB.

The dispersion for values of the 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛) corresponding to an expected feeder uplink attenuation of 15 dB could be estimated to be to 0.4 dB from Figure 4 for that specific propagation time series of events introduced in the link budget; hence, the resulting estimation uncertainty of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) ≤15 dB can be derived as follows: 

𝐴𝑡𝑡 𝑒𝑥𝑐 (50𝐺𝐻𝑧) ≤ 15dB uncertainty = 0.57 dB x 1.25 = 0.71 dB

It can be noted that the value of the uncertainty of the estimation is greater than in the previous case. In Figure 5 it is also shown that large dispersion values occur in the region of small in-excess attenuation. This is due to the distribution of the attenuation in the chosen day not being homogenous; in fact, most of the samples correspond to measured attenuations below 5 dB.

User uplink & Feeder downlink with variable attenuation

The variation of the overall return link SNIR and of the feeder downlink SNIR as a function of inexcess attenuation at 40 GHz is now analysed considering different values of the in-excess attenuation on the user uplink (while clear sky attenuation is supposed to be constant). The user uplink SNIR (and then the return link SNIR) is modified by adding different fixed excess attenuation terms during its computation, for instance 2, 4, 6 and 8 dB (see Table 1 As it is shown in Figure 6, an increase in the attenuation of the user uplink results in a change of slope of the return link SNIR and in a decrease in the value of the total SNIR for a given feeder downlink attenuation.

For instance, considering an acceptable maximum error of 1 dB in the estimation of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) ≤ 𝟏𝟓 𝒅𝑩, and assuming:

-a measurement error of 0.2 dB by the GES, -a 0. 

The above result means that the corresponding maximum acceptable user uplink attenuation value is equal to 4 dB (from Table 1). One can note also that the difference between the SNIR in clear sky condition for the feeder link and the SNIR at the target attenuation reduces from 5.3 dB when the user link is in clear sky to about 2.5 dB for a user uplink attenuation of 4 dB. This translates into some degradation of the sensitivity of the estimation of feeder attenuation from the measured SNIR, but the difference remains large enough to allow an effective measurement.

Conclusions & perspectives

Most VHTS systems will make use of GES diversity technique based on the SD-N+P concept to achieve the required high availability needed for the feeder links. Then the estimation of the attenuation in the V-band is critical to decide the moment when it is appropriate to proceed with the switch of GES.

In this paper, we present a methodology to take the decision of GES switching based on the estimation of the attenuation on the feeder uplink from real time measurements of the carrier to noise and interference ratio (SNIR) on the return link. The SNIR measurements are used to estimate when the attenuation on the feeder link is greater than a given threshold. Using this information, two main parameters that have an impact on the sensitivity of the proposed method to estimate the target attenuation in the feeder uplink were analysed.

The first one corresponds to the slope of the actual overall return link SNIR which conditions the sensitivity of the measured overall SNIR to a variation of the excess attenuation on the feeder downlink (40 GHz) from which in turn the feeder uplink attenuation is estimated.

The second parameter of interest is the difference between the overall return link SNIR in clear sky condition and the same SNIR impaired by an attenuation corresponding to the target feeder uplink attenuation (named delta SNIR return). The larger the difference, the easier it is to measure it, and consequently the better the sensitivity in the estimation of the attenuation at 50 GHz.

First, a user link in clear sky with a constant link budget is assumed. The analysis showed that under these ideal conditions the estimation of the target attenuation at 50 GHz is feasible taking into account the obtained values for the slope of the overall return SNIR and the deviation from the SNIR clear sky (delta SNIR return).

Next, the user link budget is considered to be impaired by rain attenuation. In this case, the accuracy of the estimation of the feeder uplink attenuation decreases with the user link budget degradation as both the total return SNIR slope and the delta SNIR return decrease. It was shown that if the initial user uplink budget is subject to an additional rain attenuation of 4 dB and assuming an accepted maximum error of 1 dB in the estimation of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛) ≤ 𝟏𝟓 𝒅𝑩, any additional user link budget dispersion would lead to a too large dispersion in the estimation of 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟓𝟎𝑮𝑯𝒛). Indeed, in case of user uplink budget degradation, both the difference between the return link SNIR in clear sky and the SNIR at the target feeder uplink attenuation (delta SNIR return) and the return SNIR slope at the target feeder uplink attenuation decrease. These effects result in an increase of the uncertainty in the estimation of the 50 GHz attenuation on the feeder link that eventually can render the estimation impossible.

As a recommendation, to minimize the error of the attenuation estimation at 50 GHz it is proposed that the gateway selects the relevant return link where the SNIR measurement is performed so as to get the highest possible value of the return SNIR, corresponding to a UES in clear sky.

For further work, a different scenario in which the UES is co-located with the GES (or placed directly in the GES) could be analysed. In this case, all attenuations (20, 30, 40, and 50 GHz) will be strictly concurrent and correlated which would mean more information available to estimate the feeder uplink attenuation and may result in an improved estimation.
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 11 Figure 1 presents the system studied in this paper. In the configuration selected, the return and forward links make use of the following frequency bands:  Return link (from UES to GES): o User Uplink → 30 GHz (Ka-band) o Feeder Downlink → 40 GHz (Q-band)  Forward link (from GES to UES) o Feeder Uplink → 50 GHz (V-band) o User Downlink → 20 GHz (Ka-band)

Figure 2

 2 Figure 2 displays the resulting SNIR values for: user uplink, feeder downlink and total return link (abbreviated in the figure's legend as 𝐂/(𝐍 + 𝐈) 𝒖𝒔𝒆𝒓 , 𝐂/(𝐍 + 𝐈) 𝒇𝒆𝒆𝒅𝒆𝒓 and 𝐂/(𝐍 + 𝐈) 𝒓𝒆𝒕 , respectively) with respect to the excess attenuation at 40 GHz of the feeder downlink. Additionally, the corresponding excess attenuation at 50 GHz scaled from the 40 GHz excess attenuation (using the long-term frequency scaling method of Rec. ITU-R P.618-13 Section 2.2.1.3.2), is plotted as a reference on the upper scale.

Figure 2 -

 2 Figure 2 -SNIR Return Link Budget vs 40 GHz feeder donwnlink attenuation with user uplink in clear sky
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 34 Figure 3 -One day of propagation events introduced in the link budget
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 5 Figure 5 -SNIR Return Link Budget vs 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛)
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 6 Figure 6 -SNIR Return Link Budget vs 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛) with different fixed User Link Attenuation values

  3 dB fluctuation of the return SNIR corresponding to the dispersion due to multiple excess attenuation values associated to a same value of total return SNIR for values of the 𝑨𝒕𝒕 𝒆𝒙𝒄 (𝟒𝟎𝑮𝑯𝒛) corresponding to an expected feeder uplink attenuation of 15 dB and shown in Figure 6 as the difference between the two blue horizontal lines. Then the minimum acceptable SNIR slope can be calculated as follows: 𝐴𝑡𝑡 𝑒𝑥𝑐 (50𝐺𝐻𝑧) ≤ 15dB uncertainty = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟 + (𝐶/(𝑁 + 𝐼)) 𝑟𝑒𝑡-𝑓𝑙𝑢𝑐𝑡 | C/(N + I) 𝑟𝑒𝑡 slope| = 0.2 𝑑𝐵 + 0.3 𝑑𝐵 |C/(N + I) 𝑟𝑒𝑡 slope min | = 1 dB (5) So that: |C/(N + I) 𝑟𝑒𝑡 slope min | = 0.5 dB/dB

Table 1 -

 1 ). User Link Attenuation & Return SNR Slope Variation

	User uplink additional attenuation [dB]	(𝑪/(𝑵 + 𝑰)) 𝒖𝒔𝒆𝒓 [dB]	slope (𝑪/(𝑵 + 𝑰)) 𝒓𝒆𝒕 [dB/dB]
	0	12.65	-0.70
	2	10.65	-0.60
	4	8.65	-0.50
	6	6.65	-0.39
	8	4.65	-0.29
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