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Study on Ka-band Data Downlink Systems for Expansion Sentinels

In order to increase the volume of data to be downloaded, in the case of Earth observation data downlink systems, in the same way as in the case of new satellite communication systems, a migration to a higher frequency provides greater available bandwidth needed to carry the high data rate required to increase the volume of data returned. However, higher frequencies of radio links are more affected by propagation effects, including attenuation from rain, clouds, water vapour and oxygen. In this case, in order to cope with the increased attenuation, the modulation and coding scheme must be adapted.

In this paper, we present the results of a performance analysis for the preliminary design of the data downlink system in the 26 GHz band for the Expansion Sentinels. The study focuses on two main points, firstly, an analysis of the use of more efficient waveform coding and modulation (MODCOD) schemes to take advantage of the higher available bandwidth when using the Ka-band. Secondly, once the system configuration has been selected, a study of the system performances in terms of link and end-to-end data availability is carried out considering the use of the CCSDS CFDP Protocol (the latter not presented in this paper).

Introduction

Migration to a higher frequency provides more available bandwidth, which is needed to carry a greater volume of data and a higher data rate. However, higher radio link frequencies are more affected by propagation effects, including attenuation due to rain, clouds, water vapour and oxygen. This means that if only one modulation and coding scheme is used, and thus only one attenuation margin is selected, this must be set to cope with the worst channel conditions. The selected MODCOD will then be robust to minimize the downtime of the link between the satellite and the receiving station, with the drawback of decreasing the total amount of useful data downloaded.

In order to avoid setting only one fixed attenuation margin, the propagation channel can be taken into account to make a more efficient choice and to use several MODCOD schemes. A second alternative is to consider the elevation angle between the satellite and the receiving station. Since the attenuation level increases as the elevation angle decreases due to the signal having to pass through a larger section of the atmosphere, it is possible to reserve more robust MODCODs for low elevation angles and select more efficient schemes for higher elevation angles (this method is called Variable Coding and Modulation (VCM))1 .

A tool (to which we will refer here as the link budget tool) to compare the gain in data throughput associated to the use of more efficient coding and modulation schemes has been developed and implemented in python. This tool includes a link budget analysis, an optimization module to choose a maximum number of MODCODs and finally a module to analyse the outage statistics from time series of attenuation produced by a channel model for a selected ground station. Two main ways of choosing MODCODs were considered, first a unique MODCOD to be used throughout the entire mission (Constant Coding and Modulation, CCM) and second varying the MODCODs for different angular sectors (VCM).

In this study we fed simulated time series of attenuation for the LEO satellite CO2M as seen by the ground stations to the link budget tool in order to study the impact of the atmosphere on the outages of the data downlink. Several statistics of those outages constituted the result of the presented study: hourly, daily, monthly and yearly statistics of the outages of the link. The attenuation and link outages time series were produced by a stochastic channel model driven by meteorological information (which will be presented in section 3). The simulations are conducted considering the CO2M satellite, whose mission is focused on the monitoring of the carbon dioxide in the atmosphere.

The paper is divided in five sections. After this introduction, Section 2 describes the geometry of the CO2M satellite. Section 3 describes the channel model used to generate the time series. Section 4 describes the link budget tool. Section 5 presents analysis of the results obtained. Finally, conclusions are drawn and perspectives for the continuation of the work are given.

CO2M Datadownlink geometry

Like many other Earth observation satellite CO2M follows a Low Earth heliosynchronous Orbit, almost circular. The choice of the altitude (ℎ = 735) allows for a revisit cycle of 11 exact days (mean motion 𝑛 = 159/11) during which 159 orbits are completed. The heliosynchronous condition (SSO), implies a ~93 degree inclination. Erreur ! Source du renvoi introuvable. gives an idea of the ground tracks during the 11 day cycle along with the location of the 6 stations used for data downlink and considered for the study. The contact time at each station can reach ~ 12 min when a 5° minimum elevation angle is considered for the visibility. The elevation angle distribution is approximatively the same for each location, the low angles being the more represented: those are also the one that will tend to suffer from higher attenuation levels. As far as the azimuth is concerned, some locations can harbour specific features with certain angle sectors being favoured by the satellite as it crosses the sky above the station. However, the impact on the propagating conditions will be neglected as the channel model used for the generation of the attenuation time series only takes into account the effect of the elevation angle on the slant path of the signal.

It is important to remark that only the analysis for the high latitude SvalSAT ground station located in the Svalbard islands is presented.

Attenuation time series

In order to generate time series of tropospheric attenuation to be used as input to a link budget tool, a stochastic channel model is used. The simulator used in this study is based on the channel model developed during a previous ESA study in 2014, and for which a few modifications are implemented to account for recent evolutions of prediction models and available datasets. The general block diagram of the model is presented in Figure 2 for the generation of time series of attenuation due to component 𝑋 of the atmosphere (𝑋 being one of water vapour, clouds and rain). Time series 𝐴 𝑋 (𝑡) are generated at a high temporal resolution and for a ground station and specific orbit. The orbital considerations are not presented here, it is supposed that the elevation time series 𝜃(𝑡) of the satellite link with respect to the ground station for the time period considered is known, as well as a specific temporal resolution. Like the model of ITU-R P. 1853-2 the basic principle relies on the generation of a Gaussian process, whose temporal features match those of the attenuation being modelled. Afterwards, knowing the distribution of the attenuation component on a long term basis, it is relatively easy to transform the Gaussian process into an attenuation time series that will reproduce the statistics considered. With their statistics, the meteorological variable time series is converted into a Gaussian process which is then interpolated to the high resolution of the attenuation time series. The process accounts for the seasonal and low frequency evolution of the attenuation component.

Those two processes are mixed together with the parameter 𝜔 in order to obtain the final process which will be converted into attenuation: 𝐺(𝑡) = 𝜔𝐺 𝐸𝑅𝐴 (𝑡) + √1 -𝜔 2 𝐺 𝐸𝑅𝐴 (𝑡). The conversion is done by using the CCDF of the attenuation component as modelled by ITU-R P. Recommendations: first 𝐺(𝑡) is converted into probability levels 𝑃(𝑡) = 𝑄 -1 (𝐺(𝑡)) where 𝑄 is the tail distribution function of the Normal distribution, then the CCDF is applied to the probability levels in order to retrieve attenuation levels.

The meteorological variables are taken from the ERA5 database of the ECMWF: they show a 1h time step and a 0.25° spatial resolution. The original channel model was based upon the ERA-Interim database (6h time step and 0.75° spatial resolution). The parametrisation of the model to the new ERA5 database was conducted during a CNES contract. The link budget tool is a simulator implemented in Python and used to compute the performances of a link in terms of data throughput and to perform a statistical analysis of the distribution of the outages suffer by the same.

The inputs of the simulator are: simulated time series of attenuation for the LEO satellite CO2M as seen by the ground stations, link budget parameters defined in an input XML file and a modulation and coding table (MODCOD input file in XML format) which provides the required thresholds of the energy per channel symbol over noise power density, (𝐸 𝑠 /𝑁 0 ), to be compared to the computed ones for the selected link availability.

The tool is divided into four main submodules (see Figure 4):  the link budget calculator which computes the value of 𝐸 𝑠 /𝑁 0 from both statistics of attenuation and time series,  the optimization algorithm which computes the best combination of MODCODs and which outputs the corresponding VCM table (or the unique MODCOD value and the activation elevation angle when CCM is used)  the outage analysis tool that produces statistics of outages (hourly, daily, monthly and yearly) Figure 4 -Functional diagram of link budget tool

The main purpose of the link budget and analysis tool is to convert the time series of tropospheric attenuation into time series of energy per channel symbol over noise power density: 𝑬 𝒔 /𝑵 𝟎 . From there, and with the help of additional information specific to the CO2M mission parameters such as attenuation margin, elevation and others, it is possible to find out the conditioned distributions of outages with respect to various parameters (year, season, hour, elevation angle) global information such as the availability of the link but also the amount of data downloaded can be computed.

In order to perform this analysis, the link budget tool needs two main type of inputs: (i) time series of tropospheric attenuation as well as statistics of attenuation which are used to obtain the margins of the links, (ii) parametrisation of the link budget and of the VCM configuration if used. The time series of 𝑬 𝒔 /𝑵 𝟎 are be computed for both configurations: CCM and VCM. To perform the VCM and/or CCM optimization, the first step performed by the link budget tool is to compute the link performances for the desired availability using the attenuation statistics predictions provided as output of a propagation library implementation of ITU-R P. Recommendations by Politecnico di Milano.

Next, the attenuation margin is found by choosing the attenuation exceeded value for the desired unavailability and for each elevation angle. Using this attenuation margin at each elevation angle and the link budget input parameters, a link budget calculator submodule computes the value of 𝑬 𝒔 /𝑵 𝟎 . The obtained 𝐸 𝑠 /𝑁 0 (𝜃(𝑡)) values decreased by the margin (defined in the link budget parameters and equal to 3 dB for the analysis performed and presented here) are compared to the 𝐸 𝑠 /𝑁 0 thresholds available in a MODCOD input file. All of these results fill in a first list of 𝑁 𝑚 MODCODs, each associated with their elevation angles, derived from the predicted statistics of atmospheric attenuation, and which can be used for specific simulation cases (e.g. for a given ground station and satellite). The MODCODs list is the input of an optimization algorithm which generates all possible combinations of active MODCODs from 1 to 2 𝑁 𝑚 -1. Then, the PDF (Probability Distribution Function) of the elevation angle and the average contact time given by the orbit propagator are used to compute the contact time from the elevation angle associated to the first active MODCOD to the next one.

The total contact time for a given angle sector is calculated as the sum of the average contact times between each pair of elevation angles. The total data volume per pass can be estimated as the sum of the corresponding data rates for the MODCOD used in each angle sectors, multiplied by the contact time within each of them.

𝑫𝒂𝒕𝒂 𝒗𝒐𝒍𝒖𝒎𝒆 = ∑ 𝑹 𝒃 (𝑴𝑶𝑫𝑪𝑶𝑫 𝒊 ) • 𝑪𝒐𝒏𝒕𝒂𝒄𝒕 𝒕𝒊𝒎𝒆 𝒇𝒐𝒓 𝒂𝒏𝒈𝒍𝒆 𝒔𝒆𝒄𝒕𝒐𝒓 𝒊 𝒍𝒂𝒔𝒕 𝒔𝒆𝒄𝒕𝒐𝒓 𝒊=𝟏 (1)
The numerical execution of the analysis of all possible MODCOD combinations is optimised using multiple CPUs. In our case, the different combinations of MODCODs are divided into a number of groups equal to the number of CPUs and the link budget tool analysed them separately and in parallel. For instance, if the number of usable MODCODs is 20, the number of combinations is 2 20 -1 = 1 048 575, which are analysed in roughly 2 to 3 minutes on a PC with 8 cores. Finally, depending on the input parameters of the configuration file, a "best MODCOD table" is selected taking into account the maximum number of MODCODs (1 if CCM is used) and the desired minimum elevation angles at which the data download starts.

For instance, if the minimum elevation angle at which the download should start is equal to 5°, then the optimization algorithm will first choose the best combination when using 1 up to the maximum number of combinations (maximum number of MODCODs allowed is not forced) for which the first MODCOD is activated for an elevation angle equal to 5°. Example of the results obtained for a station located in Svalbard are shown in Figure 7. If CCM is used and no minimum angle is set, then the results of the optimization show that there are two options which could be considered. For the case of an availability target equal to 99.9 % the download can start at 6° activating MODCOD 20 having then an average data volume downloaded per satellite pass of 999 Gbit or it can instead start at 9° activating MODCOD 25 with a reduction of 11 Gbit in the average data volume downloaded per pass (i.e. from 999 to 988 Gbit). The values of data volume per pass increase for lower availability targets because higher MODCODs can be used.

If this time there is not limit for the number of MODCODs, then the resulting VCM table can be seen in Erreur ! Source du renvoi introuvable.. In this case, for the highest availability target of 99.9 %, the difference in data volume between using CCM (for example MODCOD 20), and using VCM is approximately 382Gbit in average per pass, i.e. from 1381 to 999 Gbit, showing the benefit impact of VCM. 

Results analysis

After performing the CCM/VCM optimization, the link performances are computed by the outage analysis tool submodule of the link budget tool. The outage analysis tool uses the VCM or CCM selected table during the optimization and compares the 𝐸 𝑠 /𝑁 0 threshold required depending on the elevation angle to the 𝐸 𝑠 /𝑁 0 computed from the total attenuation and rain rate time series. An outage occurs when:

( 𝐸 𝑠 𝑁 0 ) 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 < ( 𝐸 𝑠 𝑁 0 ) 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (2) 
As it was staged during the VCM/CCM analysis, the attenuation margin computed from the total CCDF of attenuation at each elevation angle including the margin and for a given availability is used to compute the required (𝐸𝑠/𝑁 0 ). Next, the required (𝐸𝑠/𝑁 0 ) value is compared to the one obtained using the attenuation simulated time series. Therefore, this is equivalent to compare the attenuation margin to the total attenuation time series. As can be seen in Figure 9, the worst year in terms of total outage time is 2002 with a total outage of about 0.11% of the average contact time for a year for 97% availability. Furthermore, out of the 11 simulation years, only 2002, 2009, and 2011 have outages. It is important to note that Svalbard has low atmospheric absorptions and is therefore an ideal case.

It is also relevant to highlight that although a system with 97% availability is more exposed to the impact of severe events, it will have a higher data throughput compared to a system designed for higher availability through the use of more efficient MODCODs.

In order to analyse the elevation angle at which the outages occur, the number of outages per elevation angle for a same year and for different availabilities is illustrated in Figure 10. As expected, the majority of the samples in outage correspond to elevation angles below 10°. These results also show the value of using methods such as VCM for which the use of robust MODCODs is limited to the low elevation angle range and more efficient modulation and coding schemes can be used for high elevation angles, thereby increasing the data throughput. The obtained outages can also be analysed on a monthly basis in order to find which months present the highest number of outages due to atmospheric losses. The results of this analysis can be seen in Figure 11. The highest total outage time is found to happen during August and December. The total outage in percentage per month was computed using the mean contact time value for one month for the 11 years. An analysis of sensitivity of performance (duration of outages) vs. the link availability is performed for the year 2002 and is shown in Figure 12. It can be seen that the lower the link availability, the higher the data volume downloaded for an average passage contact time but the longer the outages.

Conclusions & perspectives

A link budget tool was developed in order to compute the system margin from attenuation time series in both CCM and VCM and to study the statistics of outages for a given link between the CO2M satellite and a selected station (SvalSAT).

The advantage of using VCM in terms of average volume of data downloaded per pass was shown in Section 4. The lowest limiting performance of the link in terms of average volume of data per pass corresponds to that obtained for a MODCOD at the minimum elevation angle above which downloading can begin (CCM for 5°). If CCM is used but the elevation angle can be shifted, then, as described in the same section, a more efficient MODCOD can be selected for a greater elevation angle (as the attenuation margin will then be smaller) obtained when optimising the volume of data per pass downloaded against the available MODCOD schemes that can be used. Finally, when using VCM and thus allowing the system to use of multiple MODCODs, the gain in average data volume per pass was found to be significantly higher, showing the value of this adaptation method.

In the case of the availability analysis, outages time series were produced from the attenuation time series generated by the channel model described in Section 3. Only the case for SvalSAT was studied when using CCM starting at 5° for the best modulation and coding scheme found by the optimisation module. From the results obtained for SvalSAT it could be seen that the outages were concentrated in the month of August and of December. Additionally, as expected, the majority of the samples in outage corresponds to elevation angles below 10°. To conclude, it was showed that the lower the link availability, the higher the average data volume downloaded per contact time but the longer the outages.

Regarding perspectives, several points can be highlighted. First, in this study each gateway was simulated separately, meaning that the satellite will download a set of files to a single ground station. A simulation taking into account a network of ground stations in which the download of a file could start in one ground station and end in another one will allow a more realistic analysis of the system behaviour. Moreover, the outage analysis was performed only for the case of Constant Coding and Modulation (CCM) scheme. This could be extended to analyse the case of Variable Coding and Modulation (VCM). Finally, Adaptive Coding and Modulation (ACM) could be implemented to see the gain in performance with respect to the constant and variable methods.
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 1 Figure 1 -CO2M ground tracks (11 days cycle)
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 2 Figure 2 -Attenuation time series generation with a meteorologically driven stochastic channel model.
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 3 Figure 3 -Attenuation during several visibility passes (𝛥𝑡 = 10 sec), issued for SvalSAT
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 5 Figure 5 -Total attenuation CCDF for 5°≤ 𝜃 ≤ 89° (left) andAttenuation margin vs elevation angle for different availabilities (rigth)
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 6 Figure 6 -𝐸 𝑠 /𝑁 0 for attenuation margin vs elevation angle(left) and 𝐸 𝑠 /𝑁 0 for attenuation margin vs elevation angle & (𝐸 𝑠 /𝑁 0 + 𝑂𝐵𝑂) thresholds from MODCOD input table (rigth)
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 7 Figure 7 -Result of best MODCOD combinations, min 𝜃 = 5°

Figure 8 -

 8 Figure 8 -Outage computation example Svalbard CO2M VCMFor the results presented below, eleven years of time series for the ground station in Svalbard were used together with the CCM table with a min elevation angle of 5°. The resulting total outage over the total contact time of the year is shown in Figure9.
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 9 Figure 9 -Total outage per year contact time
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 10 Figure 10-Percentage of outages in year 2002 as a function of link elevation angles for different availability targets

Figure 11 -

 11 Figure 11-Percentage of outages (with respect to for mean month contact time) as a function of the month and for different availability targets.

Figure 12 -

 12 Figure 12 -Data volume (red curve) & cumulated outage time (blue curve) vs link availability for year 2002

  

Table 1 -

 1 Description of configuration parameters used by the CCM & VCM optimization algorithm

	Parameter	Possible value
	Adaptation type	VCM
		CCM
	Minimum elevation angle	Typical value = 5°
		Set to 0 if no min elevation angle,
		set to a min if needed

Table 2 -

 2 Optimization results VCM, min θ = 5°, MODCOD max for availability 99.9%

	Angle sector	MODCOD	𝐸 𝑠 /𝑁 0 required	Data volume
	[°]		[dB]	per pass [Gbit]
	5 -6	18	12.75	
	6 -7	17	14.81	
	7 -8 8 -9	21 22	16.36 17.96	1381
	9 -11	25	18.48	
	11 -13	26	19.56	

Adaptive Coding and Modulation (ACM) is a third way of choosing MODCODs, but it is not studied here.
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