
[bookmark: _Toc436619014][bookmark: _Toc436619251][bookmark: _Toc451844181][bookmark: _Toc466346620][bookmark: _Toc466348853][bookmark: _Ref32174880][bookmark: _Ref32174894][bookmark: _Toc33937155][bookmark: _Toc33937288][bookmark: _Toc64436179][bookmark: _Toc201556294][bookmark: _GoBack]3GPP TSG RAN Meeting #85 	RP-192203
Newport Beach, USA, Sep 16-20, 2019
Title:	OFDM operation over satellite 
Source: 	Inmarsat, Intelsat, SES, Fraunhofer IIS 
Type:	Discussion
Document for:	Discussion 
Agenda Item:	8.1.11
	
1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
TR 38.811 [1] documents the challenges, implications and modifications required to operate 5G NR over NTN. One key challenge identified in [1] sec 7.3.7.2 is CP-OFDM PAPR (Peak-to-Average Power Ratio) and its impact on satellite power amplifiers. This document discusses some of the implications of using CP-OFDM and possible considerations that must be addressed. 

2. Discussion
The distortion caused by non-linear amplifier characteristics is a function and proportional to the PAPR of the signal. Assuming the usage of CP-OFDM in the downlink, the distortion can theoretically be reduced via the following methods:
1) Increasing the output back-off of the amplifier operating point (OBO):
Identified in 38.811 [1] as one of the means to counter PAPR. This comes with significant drawbacks and challenges:
· Reduces the amplifier efficiency which directly reduces link capacity. As an example, an additional 2 dB back-off can reduce the link capacity by up to 40% [1]. Some studies in the forward link [2] quote up to 11.5 dB output back-off requirement, which means there will likely be no link closure. ITU work in [7] shows using Linearised-TWTA, APSK MODCODs Total Degradation (TD) with OFDM for 8-APSK ranges between 2.51 dB to 5.85 dB, for 16-APSK ranges between 5.27 dB to 7.77 dB and 32-APSK ranges between 7.6 and .10.06 dB. For the same MODCODs TD with DVB-S2 for 8-APSK is 0 dB, 16-APSK ranges between 0.07 dB and 0.14 dB and 32-APSK ranges between 0.68 dB and 1.23 dB. As it can be seen satellite systems currently operate with a very small back-off to maximize efficiency and therefore any reductions in the order of multiple dB are neither absorbable from link budget perspective nor practical from capacity perspective. 
· Next generation non-regenerative satellite payloads (i.e. transparent) have advanced Beamforming Networks (BFN) on-board the payload. This means some part of each carrier will go through all of the amplifiers on-board the satellite. Therefore, the orchestration of a specific amplifier’s operating point on a per-carrier basis is not feasible. This is specifically problematic as satellite transponders are waveform-agnostic, and in practice would be running multiple waveforms with different PAPR characteristics.  
· Therefore increasing the output back-off anything more than what is the current standard for waveforms with inherently lower PAPR (TDM based e.g. DVB-S2/S2X) is not a viable mitigation

2) Reducing BLER requirements
A lower BLER requirements will translate to reduction in the back-off requirements. However satellites currently operate at <1E-03 BLER for broadband services, and any reduction would mean substantially degraded quality of service and more retransmissions which, in most cases, is not a suitable strategy, especially for eMBB services. Having said that we also recognise that there could be other verticals (e.g. mMTC) that can still utilize OFDM due to more relaxed KPIs
3) Using lower order modulation schemes
Another strategy is to operate on lower order modulation schemes, e.g. QPSK/BPSK. However this would significantly impact eMBB services, which are expected to operate with higher order modulation schemes to offer higher throughput. Furthermore, this approach significantly reduces the spectrum efficiency and therefore has similar implications as to backing-off the amplifiers.
4) Implementing Digital Pre Distortion (DPD) schemes
In communications links which include unwanted non-linearities (such as a high power amplifiers), an intentionally non-linear “pre-distortion” stage can be added which is designed to have the inverse response of the high power amplifier, resulting in a substantially linear end-to-end response. This pre-distortion can be applied at the point of signal generation (in the modulator) the digital domain and is known as Digital Pre-distortion (DPD).
In order to be effective, the output of the pre-distortion stage must be representative of the entire input to the power amplifier. If the outputs of two or more pre-distortion stages are summed before being input to a single amplifier, the technique will not be effective in producing a linear end-to-end link. This is because the non-linear effect of the amplifier will be a function of all inputs and therefore independent pre-distortion stages which do not have knowledge of the other signals sharing the same amplifier cannot accurately predict or correct the non-linear effect.
As an example, Beamforming payloads using direct radiating arrays are an extreme example of summing multiple signals per amplifier. Since in the beamforming process, every amplifier sees every carrier being transmitted by the entire array. This can be many thousands of carriers. Therefore, pre-distortion must be applied to the aggregated signals seen be the amplifiers. Since the aggregation of signals only occurs on board the satellite, DPD becomes extremely complex and not possible within the ground-based modems.



3. Considerations on available literature
This section presents some considerations on the currently available literature around OFDM waveforms over satellite transponders. 
From the list examined, it has emerged that most of the available literature either:
· Does not address FR2 frequency bands (>6GHz), particularly at Ku and Ka band (This is especially important as eMBB will be likely considered as a top priority for NTN in releases 16 and 17);
· Addresses only partial scenarios, without factoring in all the necessary variables (e.g. different numerologies);
· Takes into account only return link and not forward link;
· Addresses single-carrier OFDM variants, but not multi-carrier.
This highlights a substantial gap in the research that must be bridged, in order to properly assess the actual feasibility of CP-OFDM or any OFDM-derivative (single- or multi-carrier waveforms) over satellite. 
It is true that, from some of the below literature, single-carrier OFDM variants appear to have much better PAPR and overall performance over satellite, with numbers closer to that of typical satellite SC-TDM waveforms (e.g. DVB-S2/S2x). However, most of those studies focus solely on the return link, thus leaving gaps that must be bridged, before a conclusion can be reached. 
The below should not be considered an extensive list:
· [1] 7.3.7.2.1 cites [5] as the main source, and goes on “total degradation of CP-OFDM with over a typical satellite transponder is about 6 dB for QPSK modulation and 7.6 dB for 16-QAM, whereas that for DFT-spread-OFDM is about 4 dB for QPSK and 6 dB for 16-QAM.  The difference between CP-OFDM and DFT-spread-OFDM is 1.6-2 dB”. However, 1) [5] does not cover CP-OFDM, and the figures included do not come from the cited source. The source for such data is not specified. And 2) the scope of [5] with regards to PAPR is return link and not forward. 
· [3] Presents potentially valid PAPR reduction methods. However, it (a) does not address FR2 bands, (b) is focused on LTE waveforms and (c) provides a maximum of 1-2 dB gain in the expected OBO, which is certainly not negligible, but still not sufficient. Further study is required.
· [4] Only addresses a return link architecture based on SC-FDMA/SC-OFDM (a.k.a. DFT-s-OFDM).
· [5] As highlighted above, does not cover CP-OFDM, just focusing on SC-OFDM/FDMA (a.k.a. DFT-s-OFDM, which are closer comparisons to SC-TDM waveforms (e.g. DVB-S2/S2x).
· [6] and [7] compare the total degradation (TD) between DVB-S2 carriers and multi-carrier OFDM, with a ~1E-03 PER and assuming an already linearized TWTA (L-TWTA). As an example result, standard multi-carrier OFDM shows 5.87 dB TD, with an assumed IBO (Input Back-Off) of a 3 dBs, compared with 0.08 dB TD and 0 dB IBO for DVB-S2, for a 16APSK4/5 MODCOD (Tables 1 and 2). It should also be noted that this study assumes the application of APSK MODCODS typical of DVB-S2/S2x to OFDM as well, which is not currently considered for LTE or 5G. Worse performance is expected for typical QAM-based MODCOD schemes.
· [8] Initially assessed of NR downlink operation over satellite for a single MCS, including amplifier non-linearities as proposed by ESA in [10] for TWTA and SSPA. For 16-QAM and R = 0.35, the OBO is 3.5 dB (TWTA) and 3.24 dB (SSPA). 
· [9] Reported extended simulations (compared to [8]) and assessed the required OBO for different MCS (IMCS = 10, 14, 15, 20, 21, 27), again for SSPA and TWTA. The necessary OBO for minimum total degradation ranges from 2.95 dB (QPSK, R = 0.3) to 5.94 dB (64-QAM, R = 0.7) for TWTA and from 2.46 dB to 6.57 dB for SSPA.
4. Conclusion
It is obvious that this area requires careful consideration and likely a number of steps to allow for realistic NTN deployment. The output back-off numbers associated with CP-OFDM seen thus far are unrealistic for broadband use cases over satellite, due to resulting inefficiencies. In the best case, a majority of the capacity is lost due to the inefficiency, resulting into multiple challenges including lower data rates, more complex and bulkier user devices, impact on legacy satellite communication services etc. 
It is therefore recommended that following proposal be discussed and possible down selection: 
Proposal 1: Further studies be conducted on CP-OFDM and other variants, such as SC-OFDM/FDMA/DFT-spread-OFDM and f-OFDM, focusing on the key scenario characteristics, to better understand the required back-off under representative and realistic NTN deployments.
Proposal 2: Alternative OFDM waveforms are considered to CP-OFDM in the downlink, which are closer in characteristics to current state of the art SC-TDM (e.g. DVB-S2x) waveforms, such as SC-OFDM/FDMA and variants.
Proposal 3: In both of the above cases, further research is focused on PAPR and BLER reduction techniques, to cater for realistic spectral efficiency requirements.
Proposal 4: Introduction in the NTN 5G air interface of known satellite SC-TDM waveforms, such as DVB-S2x, is considered, in a multi-waveform operation mechanism that can be triggered according to the scenario and the UE class.
Proposal 5: Regardless of the waveform chosen, introduction of APSK and other satellite-optimized MODCODs into NTN 5G air interface is considered, either via a specific MCS table that maps from current state-of-the-art DVB-S2x MCS, or via other means.
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