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Introduction
The SI on NR based access to unlicensed spectrum [1] introduced in RAN#76 has the following objectives:

· Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands 
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure

In RAN1#92 meeting [2], it was decided that 
· From RAN1 design perspective, the study is not limited to a particular unlicensed band

In this contribution, we address the waveform design for the unlicensed bands above 52.6GHz. This contribution is revised from R1-1805092.

Discussion
In NR Rel.15, on licensed bands below 52.6 GHz, OFDM will be used for both downlink and uplink transmissions, while DFT-s-OFDM is also supported in uplink for coverage limited scenarios. Waveform and numerology for licensed bands above 52.6 GHz have not been investigated yet.

Numerology
The 60GHz unlicensed spectrum refers to bands in the range 57-66GHz. The 60GHz band is already populated by 802.11ad and 802.11ay and contains (depending on the geographical region) up to four adjacent channels of 2.16GHz each.
These values are significantly different from NR eMBB below 52.6GHz, where the maximum supported bandwidth is 400MHz and the maximum SCS used for data channel is 120KHz. Given the significant difference, the numerology for the 60GHz band needs to be re-designed. Considering the harsh propagation conditions and the importance of phase noise, the SCS should be re-evaluated and more likely higher SCS values are needed. This would also alleviate the need for excessive FFT sizes in order to fit with the channelization in the 60GHz band. 
Proposal: Investigate SCS higher than 120kHz in the 60GHz bands.
Very large subcarrier spacing values lead to short frame duration (and thus to short CP durations). Even though the channel delay spread in mmWave tends to significantly decrease due to the beamforming effect, the CP values should also be re-evaluated. To increase the system’s efficiency, the possibility of adapting the CP length to the actual propagation conditions should be investigated. Different classes of solutions such as variable CP lengths, guard intervals, zero padding, zero tail or the use of variable length fixed sequences already exist in the literature and were previously considered in NR [5].
Proposal: Investigate CP values adapted to the propagation conditions in the 60GHz bands. 

Waveform
Some proposals on waveform design for NR-U in the 60GHz band have already been discussed in [3][4]. As stated in the SID, waveform design principles should remain unchanged with respect to below 52.6GHz bands, so the natural way of proceeding would be to start with the current waveforms and evaluate to which extent they need to be improved/adapted for the specific case of the 60GHz bands. 
In the 60GHz band, narrow beamforming reduces the need for multiplexing capacity. In this case, the multiplexing capacity and easy combination with MIMO features of CP-OFDM are not needed. Performance wise, it is known that CP-OFDM has an advantage over DFTsOFDM only with strongly coded high modulation orders and only in frequency selective channels [6]. In the 60GHz bands, narrow beamforming renders the channels rather flat and directional, and the superior performance of CP-OFDM is no longer an argument.
Observation: Classical features of OFDM such as multiplexing capacity or improved performance over frequency selective channels are not relevant in the 60GHz bands.
Several other design criteria should be considered at very high carrier frequencies. First, the harsh propagation conditions require efficient use of the HPA, and PAPR is an important criterion for both UL and DL. Second, coexistence with the incumbents requires strict out-of-band (OOB) radiation control. Third, difficult phase noise environments ask for careful assessment of phase noise reduction methods.
Observation: Waveform design criteria in the 60GHz band include at least low PAPR, low OOB and robustness to phase noise.
Due to the difficult propagation conditions and the hardware limitations (such as phase noise and RF non-linearity), PAPR is an important design criterion. In [3], SC-QAM is proposed as a possible waveform candidate, based on the assumption that the single carrier waveform has a better PAPR when compared to DFT-s-OFDM waveform. The PAPR difference claimed in [3] is due to the pulse shaping with a RRC filter. The PAPR reduction obtained through RRC shaping is controlled by the roll-off coefficient of the RRC, but RRC shaping with non-zero roll-off creates an excess bandwidth: the spectral occupancy increases when the PAPR decreases. There is a tradeoff between PAPR reduction and spectral efficiency. 
Pulse shaping can also be applied to DFTsOFDM. Low-complexity frequency domain pulse shaping can be applied in the frequency domain, after the DFT. Classical DFTsOFDM (rectangular shaping) is equivalent to RRC filtering with 0% roll-off and no excess bandwidth. It has been shown in [7] that DFTsOFDM with pulse shaping has the same PAPR as single carrier modulation for the same spectral occupancy (same roll-off). 
[bookmark: _GoBack]Figure 1 shows comparative PAPR performance of CP-OFDM, CP-OFDM with tone reservation PAPR reduction (“OFDM-TR”, as employed e.g. in DVB-T2), DFTsOFDM with α% RRC pulse shaping and single carrier transmission with α% RRC pulse shaping. Different roll-off values are shown: 5%, 10%, 25%. QPSK has been used.
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[bookmark: _Ref510817150]Figure 1 – Comparative PAPR performance of CP-OFDM, CP-OFDM with tone reservation PAPR reduction (“CP-OFDM-TR”), DFTsOFDM with α% RRC pulse shaping and single carrier transmission with α% RRC pulse shaping 

These curves confirm the good PAPR properties of the DFTsOFDM and SC, who outperform both the OFDM and OFDM-TR. SC waveforms exhibit better performance than DFTsOFDM but only for roll-offs above 0%, i.e. not for the same spectral occupancy. DFTsOFDM modulation with rectangular window is spectrally equivalent to SC with a roll-off of 0%. DFTsOFDM with non-null roll-off behaves like SC for the same value of roll-off. But, if the application of zero roll-off is readily achieved for SC-OFDM, it implies severe filtering issues for SC waveforms. 
In order to obtain consistent PAPR reduction through RRC filtering, important roll-off factors are necessary, leading to a proportionally increased excess bandwidth (and thus to spectral efficiency penalty). DFTsOFDM with zero roll-off already procures important PAPR advantage over CP-OFDM, even when PAPR reduction techniques are applied to CP-OFDM.
Observation: DFTsOFDM with pulse shaping has strictly the same PAPR as single carrier modulation for the same spectral occupancy (same roll-off).
In [4], several concerns on SC-QAM were raised, such as performance loss due to incoherent combinations under a fading channel, excess bandwidth, or necessity of guard bands or specification effort. DFTsOFDM waveform holds several advantages such as the simple frequency domain implementation, native 0% roll-off, orthogonality with adjacent channels. 
Different flavors of DFTsOFDM can be investigated, by taking into account for example methods for PAPR reduction and/or OOB reduction on top of classical DFTsOFDM. For phase noise mitigation, the insertion of phase tracking support should be investigated, having as starting point the current NR PTRS design.


Proposal: 
· For 60GHz band, waveform is based on DFTsOFDM for both UL and DL.
· Consider the need for PAPR reduction, OOB reduction and phase noise mitigation methods

Conclusion 
Proposal 1: Investigate SCS higher than 120kHz in the unlicensed 60GHz bands.
Proposal 2: Investigate CP values adapted to the propagation conditions in the unlicensed 60GHz bands. 
Observation: Classical features of OFDM such as multiplexing capacity or improved performance over frequency selective channels are not relevant in the unlicensed 60GHz bands.
Observation: Waveform design criteria in the unlicensed 60GHz band include at least low PAPR, low OOB and robustness to phase noise.
Observation: DFTsOFDM with pulse shaping has strictly the same PAPR as single carrier modulation for the same spectral occupancy (same roll-off).
Proposal 3: 
· For unlicensed 60GHz band, waveform is based on DFTsOFDM for both UL and DL.
· Consider the need for PAPR reduction, OOB reduction and phase noise mitigation methods
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