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1. [bookmark: _Ref298777854]Introduction
This contribution investigates the satellite considerations of the low peak to average power ratio (PAPR) modulations schemes for the New Radio (NR) access technology to ensure forward compatibility for support via satellite in Phase II. 
1. Discussion
R1-1609781 addressed the forward compatibility of NR access technology Phase I design with satellite links with low PAPR and limited link budget [1]. This contribution addresses the forward compatibility of the modulations schemes proposed for NR with the satellite links. In specific, it discusses the benefits of the low PAPR modulation schemes, such as Rotated-QAM and Interpolated-QAM that are under study in RAN1, for forward compatibility of NR with satellite. 
There are several issues specific to the satellite links that impact the design a satellite system. A satellite link requires signals to have lower PAPR, and it also has a limited link budget compared to a terrestrial link. PAPR is an important limiting factor specially in the uplink (UL) waveform design due to its significant impacts on the cell edge performance and the UE power consumption. Low PAPR UL signal on the UL leading to a more efficient power amplifier (PA) operation, which results in a better cell edge performance and longer battery life. Therefore, it is imperative for NR to support low PAPR modulation schemes for forward compatibility with satellite links. 3GPP RAN1 members agreed that low PAPR modulation schemes, such as Rotated-QAM [4][5] and Interpolated-QAM [6], should be further studied [2].
This contribution investigates the advantages of using two of modulation schemes under study in 3GPP RAN1 for NR, i.e., Rotated-QAM [4] [5] and interpolated-QAM [6], in supporting forward compatibility of NR with satellite links. Like the approach used in R1-1700164 [3], this contribution considers PAPR and maximum coupling loss (MCL) as the performance metric to evaluate these modulation schemes performance over satellite links.

 
Agreements on Modulation Schemes for NR

In 3GPP RAN1 #86bis, it was agreed that [2]:
Agreements:
· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include
· Higher order modulation in conjunction with MIMO
· Constellation mapping among subcarriers
· Other constellations (e.g., non-uniform QAM) 
· Coded modulations
· Spatial modulation
· Mappings of bits to symbol(s)
· Rotated-QAM up to BPSK, QPSK
· -QAM (0<k<=1)
· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)
· Constellation Interpolation
· Note: Other modulation schemes or combinations of the above schemes are not precluded
· Note: Proponents should describe the details of the receivers
Also, the following WF was agreed by RAN1 in RAN1 NR AH in Spokane, WA:
· R1-1701482: WF on pi/2 BPSK Modulation with frequency domain shaping by IITH, CEWiT, IITM, Tejas Networks, ATT, NTT DoCoMo, KDDI, Qualcomm, Deutsche Telekom, Samsung, INL, Panasonic, MediaTek, Straightpathcommunications, NI, IAESI, Interdigital, Sony, Kyocera, Intel, and also CMCCl

Agreements:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM 
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Agreements:
· Prepare draft LS to RAN4 to inform current RAN1 modulation agreements and WA, and RAN1 following assumptions:
· Frequency band
· Bandwidth allocation
· RAN1 also ask feasibility of it in the draft LS
· Note that additional performance results to address concerns from RAN4 have been submitted in RAN1

R1-1701040: “Draft LS to RAN4 on rotated modulations for DFT-S-OFDM uplink” by Nokia, Alcatel-Lucent Shanghai Bell.
R1-1701537: “DRAFT LS on rotated modulationspi/2 BPSK with spectrum shaping for DFT-S-OFDM uplink” by IITH, Nokia
R1-1701545: “DRAFT LS on rotated modulations pi/2 BPSK with spectrum shaping for DFT-S-OFDM uplink” IITH, Nokia
Some 3GPP RAN1 contributions provided the design details of modulations using rotated-QAM [4][5] or interpolated-QAM [6], along with some spectral shaping techniques to further reduce the PAPR. They demonstrated how such low PAPR modulation schemes can be integrated with DFT-S-OFDM waveforms to provide a low PAPR signal. 
Low PAPR modulation schemes are quite desirable candidates for some future deployment scenarios such as NR over satellite, where PA efficiency and RF nonlinearity are major limitations.


Rotated-QAM and Interpolated-QAM as Low PAPR Modulation Schemes 

Several 3GPP RAN1 contributions presented Rotated-QAM and interpolated-QAM as a low PAPR modulation schemes [3][4][5][6]. Here, we will briefly explain the π/2-BPSK as an example of the Rotated-QAM, but it is easy to generalize any other Rotated-QAM scheme. The constellation of π/2-BPSK has 4 points where the constellations points are split into two subsets, with π/2 degrees phase difference between the two subsets. The input bits are BPSK modulated using each constellation subset, alternatively. It can be easily seen that the consecutive π/2-BPSK modulated symbols always have a π/2 phase transition. Specifically, zero crossing in the constellation plane (i.e., phase transition of π) never occurs, which leading to significant PAPR reduction of the waveform. The 3GPP R1-1700164 shows that the π/2-BPSK modulation scheme has a PAPR gain of 1.5dB compared to the conventional QPSK modulation [3]. However, the spectral efficiency of the π/2-BPSK compared is lower than the conventional QPSK. An important conclusion of [3] is that the higher order Rotated-QAM modulation scheme (such as π/4-QPSK) do not provide any significant PAPR gains.
Another low PAPR modulation scheme under study by the 3GPP RAN1 members is Interpolated-QAM. To reduce the PAPR using Interpolated-QAM, the modulated constellation is first interpolated along a smooth, constant envelope trajectory before being input to the DFTS-OFDM. With this modulation scheme, the number of constellation symbols increases by a factor of Interpolation Ratio [3]. The Interpolated constellation points should form a smooth and near constant envelope trajectory. The 3GPP R1-1700164 shows that for an Interpolated-QPSK with Interpolation Ratio of 2, the phase transition between any two consecutive symbols is less than  [3]. In general, larger Interpolation Ratio leads to lower PAPR. 
The 3GPP R1-1700164 shows that the Interpolated-QPSK modulation with Interpolation Ratio of 4, provides a PAPR gain of about 2.5dB over the conventional QPSK modulation [3]. This contribution also shows that this PAPR gain can increase to 6dB if an appropriate spectral shaping technique is used along with the Interpolated-QPSK with Interpolation Ratio of 4. This modulation scheme provides the same spectral efficiency as the conventional QPSK. 


Low PAPR Modulation Schemes for Satellite

As mentioned earlier, π/2-BPSK provides up to 1.5 dB PAPR gain for smaller spectral efficiencies. The PAPR gain will translate in a lower power back off, and therefore, a better MCL which is important for limited link budget future deployment scenarios such as satellite. The 3GPP R1-1700164 studies that for the low spectral efficiency values (less than 0.6 bit/s/Hz), π/2-BPSK provides MCL gain of up to 1.5dB over the conventional QPSK [3]. Also, the same contribution shows that the Rotated-QAM modulation schemes of π/4-QPSK which provides a higher spectral efficiency, does not provide PAPR and MCL gains compared to the conventional QPSK [3]. However, the Interpolated-QPSK with Interpolation Ratio of 4 (even without any spectral shaping) will provide up to a 2.5 PAPR gain and almost a constant 0.8dB MCL gain compared to the conventional QPSK [3]. This 0.8 dB MCL gain is significant for the link budget limited satellite links. 
3GPP R1-1701054 presents a preliminary link budget analysis of NR radio interface for performance evaluation of narrowband services over satellite NR [7]. R1-1701054 investigates the link budget analysis for different satellite constellations, i.e., LEO, MEO and GEO [7]. The contribution assumes the UE belongs to the power Class 3 (23 dBm maximum transmit power). However, to avoid the non-linearity of satellite channel and limit the ACLR to an acceptable value, the PAPR of signal should be lower than a threshold. Therefore, the transmitter should reduce its transmit power so the average transmit power would be less than 23 dBm. As shown in [3], the 98 percentile PAPR for the conventional QPSK with DFT-S-OFDM waveform is about 7 dB while the 98 percentile PAPR for π/2-BPSK is about 5.8 dB and the 98 percentile PAPR for Interpolated-QPSK is about 4.8 dB. This reduces the need for higher power back off in satellite communication which improves the link budget for satellite.


1. Summary

This contribution investigates the use of two low PAPR modulation schemes under study by RAN1 for NR, i.e., Rotated-QAM and Interpolated-QAM, to support forward compatibility of NR design with satellite.  Based on this investigation and due to the PAPR and MCL gains, we recommend RAN1 to seriously consider the low PAPR modulation schemes as part of the design to support forward compatibility with the future deployment scenarios such as satellite. In particular, π/2-BPSK and Interpolated-QPSK modulations with Interpolation Ratio of 4 are appropriate options for NR modulation schemes for low link budget scenarios such as satellite links. 
Proposal 1: NR should support low PAPR modulation schemes for forward compatibility with power limited radio links at least on the uplink for future deployment scenarios such as satellite. 
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