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Introduction
In RAN#76 a new SI [1] for NR based access to unlicensed spectrum was introduced. The objectives of the SI are as follows:
 
· 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
· Coexistence methods within NR-based and between NR-based operation in unlicensed and LTE-based LAA and with other incumbent RATs in accordance with regulatory requirements in e.g., 5GHz, 37GHz, 60GHz bands 
· Coexistence methods already defined for 5GHz band in LTE-based LAA context should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over these methods should not be precluded. NR-based operation in unlicensed spectrum should not impact deployed Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier; 

The 60GHz band consists of the shared spectrum between 57GHz and 71GHz. The waveform design for NR has considered only spectrum below 52.6 GHz. In this contribution we provide our views on the waveform for the 60GHz band.
Available bandwidth in 60GHz
The available bandwidth for unlicensed and regulated use in this band is up to 14 GHz, and varies depending on the geographical region. The channelization for this band was proposed in 802.15.3c ([2]), the millimetre-wave based physical layer for WPAN, and is now accepted by other standardization bodies. This band consists of 6 channels, each having bandwidth 2160MHz. This channelization allows two common global channels (channels 2 and 3). Devices in the United States can use all the channels, and those in Japan can use channels 1–4.
Adapting NR waveform for 60GHz
To minimize changes with respect to NR it is desirable to reuse the waveforms used in NR namely OFDM for DL and OFDM / DFT-s-OFDM (DFT pre-coded OFDM) for UL as far as possible. However, NR supported a maximum bandwidth of 400MHz. Hence, some changes will be needed even if reusing the NR waveform due to the larger bandwidth.
The channelization in 60GHz requires 2160MHz bandwidth transmission. The maximum BW used in NR is 400MHz and the maximum SCS used is 120KHz for data channel, for 6-52.6 GHz bands. For supporting a bandwidth of 2160MHz the required FFT size is more than 18000 (32768 if we want it to be a power of 2) with 120KHz SCS. To make the FFT size more reasonable we propose using SCS of 960 or 1920KHz. We also propose retaining the same 14 OFDM symbol structure per slot and reducing the CP size in time per symbol proportional to the SCS change. This follows the NR design principle of SCS being 15KHz x 2n and allows the slot boundaries to align with the 1ms subframe structure. Further details are provided in Table 1 below.

Table 1: Slot formats for 60GHz
	SCS (KHz)
	FFT size
	Usable Tones
	Symbol duration (ns)
	CP duration (ns)

	120
	32768
	15360
	8333.3 
	585.9

	960
	4096
	1920
	1041.7 
	73.2

	1920
	2048
	960
	520.8
	36.6



Note that the CP duration reduces quite a bit due to the larger SCS. However, since the typical 60GHz channel are Line of Sight (LOS) or have small delay spreads, and the range is small (~100m) we expect the proposed CP durations to suffice. Also note that for the usable tones computation we assume channel bandwidth of 1880MHz but we have rounded the number of RBs lower so that it is a multiple of 10.

Proposal 1: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
New Waveforms
The 60GHz band has a very harsh propagation environment. It requires use of highly directional transmissions by beamforming using large antenna arrays to mitigate path loss. The beamforming is typically done in RF, and it is difficult to beamform to two different directions at the same time. The utility of OFDMA to multiplex UEs across frequency will only apply to UEs in the same beam and hence the multiplexing benefits that OFDMA or DFT-s-OFDMA provide are of limited value.
[bookmark: _Hlk506457897]The 60GHz band use cases are typically line of sight (LOS) and directional, and hence not very frequency selective. The LOS channel profile limits MIMO support with transmissions typically being rank 1. These aspects hence again reduce the benefits that OFDM provides over other waveforms. It should also be noted that OFDM and DFT-s-OFDM waveforms employ FFTs. Given the larger BW, the complexity of the FFT operations also becomes a concern especially if considering low complexity devices being designed for unlicensed band operation only.
The harsh propagation environment and highly directional transmissions implies the SINR is limited by thermal noise. Efficient use of the PA is necessary to be able to transmit at a high power and improve coverage. Lower PAPR waveforms can be transmitted at higher power because of the lower PA back off. 
Considering the above aspects, we explore using the single carrier quadrature amplitude modulation (SC-QAM) waveform in the subsequent sections.
4.1 SC-QAM Waveform Description
Fig. 1 below shows a simplistic system model for single carrier waveform related processing. The transmit chain consists of constellation mapping, guard/CP addition, up sampling, and pulse shaping. The receive chain consists of matched filtering, equalization, and de-mapper.
[bookmark: _Hlk506458737]Note that this doesn’t mandate FFT based implementations. The computationally intensive parts are only the equalization and root raised-cosine (RRC) filtering. The equalizer complexity can be controlled at expense of performance thereby enabling low complexity devices. 


[bookmark: _Ref501704378]Figure 1: Single Carrier System Model

4.2 PAPR Analysis
NR also supports DFT-s-OFDM in the uplink for single layer transmissions as this waveform has significantly lower PAPR compared to CP-OFDM. As noted before, this allows the UE to transmit at a higher average power and gives better coverage.
Extending the same concept, the single carrier waveform has a better PAPR when compared to DFT-s-OFDM waveform, as shown in Fig. 2, which shows the impact on EVM as function of the allowed PAPR. We see that SC-QAM is between ~3-4.5 dB better than OFDM and ~1-2.5dB better than DFT-s-OFDM when comparing the back-off (assuming ideal clipping amplifier) required for -25dB EVM depending on the modulation format. Gain is higher for the lower modulation format (QPSK). The gain is higher if we target a lower EVM. 
[image: ]
Figure 2: PAPR vs EVM (Assume Clipping)

4.3 Link level Performance
Although OFDM has poorer PAPR, it generally has better link level performance in frequency selective channels. To assess the end to end performance of the waveform both the PAPR and link level performance need to be considered. In this section, we compare the link level performance of OFDM, DFT-s-FDM and SC-QAM waveform. The simulation assumptions are summarized in Table 2 below. The FER performance in shown in Fig. 3. Note that the channel bandwidth for SC-QAM will be larger than OFDM/DFT-s-OFDM for the same usable channel bandwidth but the impact of that isn’t considered in this analysis.
Table 2: Simulation Assumptions
	Channel Model
	LOS (CDL-D) / NLOS(CDL-B)

	Antenna configuration
	mmW directional, Co-Polarized; Max Tx Gain 8dB, Rx Gain 5dB
nVAnt = 2, nHAnt = 4 at UE
nVAnt = 4, nHAnt = 64 at gNB

	Modulation / code rate
	BPSK (0.08,0.5, 0.66)
16QAM (0.66)

	SCS (KHz)
	960

	FFT size
	4096

	Usable tones / bandwidth
	2016 / 1.935GHz

	SC-QAM beta
	0.22

	Channel / Nt estimation
	Genie
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Figure 3: PDSCH BLER

The Table below summarizes the overall performance of different waveforms considering the PAPR as well as the link level performance for the NLOS CDL-B model for a few different modulation formats and code rates. For the LOS channel models considered, there was no link level performance loss observed for both SC-QAM & DFT-s-OFDM with respect to OFDM and hence the entire PAPR benefit is applicable.
Table 3: Overall performance of different waveforms for NLOS CDL-B channel
	Waveforms being compared
	Modulation format / code rate
	Link Level Loss at 10% FER (dB)
	PAPR gain at 25dB EVM (dB)
	Overall benefit 
PAPR gain – Link level loss (dB)

	SC-QAM vs OFDM 
	QPSK rate 0.08
	1.5
	4.4
	2.9

	SC-QAM vs OFDM 
	QPSK rate 0.5
	0.4
	4.4
	4

	SC-QAM vs OFDM 
	16 QAM rate 2/3
	1.8
	2.9
	1.1

	SC-QAM vs DFT-s-OFDM 
	QPSK 
	0
	1.8
	1.8

	SC-QAM vs DFT-s-OFDM 
	16 QAM
	0
	1
	1



Observation 1: For the LOS channel model and considered code rates
· SC-QAM provides 4.5 dB of gain over OFDM for QPSK modulation and 2.9dB of gain for 16 QAM
· DFT-S-FDM provides 1.8 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM
Observation 2: For the NLOS CDL-B channel model and considered code rates
· SC-QAM provides 2.9-4.5 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM.
· DFT-S-FDM provides 1-2.5 dB of gain over OFDM for QPSK modulation.
Proposal 2: SC-QAM waveform should be supported at least for PDSCH/PUSCH
Summary
The observations and proposals made in this contribution are summarized below.
Proposal 1: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM
Observation 1: For the LOS channel model and considered code rates
· SC-QAM provides 4.5 dB of gain over OFDM for QPSK modulation and 2.9dB of gain for 16 QAM
· DFT-S-FDM provides 1.8 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM
Observation 2: For the NLOS CDL-B channel model and considered code rates
· SC-QAM provides 2.9-4.5 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM.
· DFT-S-FDM provides 1-2.5 dB of gain over OFDM for QPSK modulation.
Proposal 2: SC-QAM waveform should be supported at least for PDSCH/PUSCH
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