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In order to efficiently utilize the large amounts of unlicensed spectrum available worldwide, both licensed operation and unlicensed operation are considered for NR. At RAN-75 [1], a study item on NR-based Access to Unlicensed Spectrum was approved. One objective is to:
· 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
Two requirements are commonly found in regulations:
1. Occupied channel bandwidth
2. Maximum Power Spectral Density (PSD)
For example, both these requirements are enforced for 5 GHz carriers according to ETSI 301 893 while only the maximum PSD requirements are enforced in the US regulation for 5 and 3.5 GHz. More detailed listings of global regulation can be found in [2].
In this contribution, we discuss the numerology for NR operation in unlicensed spectrum.
[bookmark: _Toc458153811]Discussion
For a given carrier frequency, phase noise and Doppler set the minimum subcarrier spacing. Narrow subcarrier spacings can either result in undesirably high phase noise contributing to EVM or in undesirably high requirements on the local oscillator. Narrow subcarrier spacings can also lead to performance degradations in high Doppler scenarios.  Wider subcarrier spacings reduce the OFDM symbol duration and can reduce latency. However, for a given CP overhead, anticipated delay spread sets an upper limit on the subcarrier spacing. 
During the NR study item phase, extensive simulations and studies were done to evaluate different numerology candidates taking into consideration phase noise, Doppler spread, delay spread, and latency etc. The below observations on subcarrier spacing have been made and documented in [3]:
· For below 6 GHz: 15 kHz, 30 kHz and 60 kHz are feasible
· For above 6 GHz: 60 kHz, 120 kHz and 240 kHz are potential candidates of feasible subcarrier spacing.
It should be noted which of the above-mentioned subcarrier spacings are supported depends on NR bands where UE and gNB operate.

Additionally, during RAN1#86, it was agreed that it should be possible to deploy NR with 60 kHz subcarrier spacing in the channel that have the same delay spread that LTE can handle with the normal CP length as one use case. It was also decided in the work item phase that the maximum channel bandwidth per NR carrier is 400 MHz in Rel-15.
Numerology design for low Frequency bands

Herein, we discuss the OFDM numerology design to operate NR in unlicensed spectrum for 6GHz and below.
To reduce the transmission granularity and latency, 30 kHz and 60 kHz subcarrier spacing can be considered as numerology candidates for NR in unlicensed spectrum for 5/6 GHz. 60KHz subcarrier spacing will enable 4 times higher channel access granularity as compared to LAA. Details of the two numerologies with normal CP are provided in Table 1. Based on conclusions from NR study item phase, it can be assumed that NR unlicensed with FFT size of 4096 will support maximum channel bandwidth of 100MHz with 30 kHz subcarrier spacing and 200MHz with 60 kHz subcarrier spacing.
[bookmark: _GoBack]Even though it was agreed in [3] that 60KHz subcarrier spacing is feasible for below 6 GHz spectrum, certain control signaling are not supported using 60KHz for below 6GHz.  For unlicensed operation, all types of signaling (specially synchronization signals) can benefit from better channel access granularity and therefore it is recommended to transmit all signals using higher subcarrier spacing. To support 60KHz SCS for all signaling for NR-U operation below 6GHz, some changes will be required. For instance, Rel-15 NR does not support SSB signaling using 60KHz. To enable that, new SS burst design is needed. Besides, the usage of 60KHz SCS for PRACH transmission is restricted to only frequencies above 6GHz. For below 6GHz operation, the supported PRACH SCS are limited to 15 and 30KHz which is indicated by 1-bit in RRC RACH configuration. This is especially problematic for UL transmission where interlacing data and control using different subcarrier spacing adds complexity . To include 60KHz for PRACH transmission in spectrum below 6GHz, one of the following is needed: (1) extend RRC configuration to allow more than 2 SCS options, or (2) reinterpret existing configuration to indicate 30 or 60 KHz SCS instead of 15 and 30KHz.   The second alternative requires fewer changes.  It should also be noted, the same complication applies to most control signaling, not only random access procedure. 
Proposal 1: 
· 30 kHz subcarrier spacing is supported for NR unlicensed @ 5 GHz and 6GHz.
Proposal 2: 
· Further study the required changes to enable the support of 60KHz subcarrier spacing for NR unlicensed @ 5 GHz and 6GHz.

	Subcarrier spacing
	15 kHz with NCP
	30 kHz with NCP
	60 kHz with NCP

	Slot duration
	1000 µs
	500 µs
	250 µs

	OFDM symbol, duration
	66.67 µs
	33.33 µs
	16.67 µs

	Cyclic prefix, duration
	4.69 µs
	2.34 µs
	1.17 µs

	OFDM symbol + CP
	71.35 µs
	35.68 µs
	17.84 µs

	Max carrier bandwidth 
	50 MHz
	100 MHz
	200 MHz

	Use case
	Similar to LAA
	small cells/ 2 times better access granularity compared to LAA/reduced latency
	small cells/ 4 times better access granularity compared to LAA/ reduced latency



Numerology design for High Frequency bands
In this section, we discuss the OFDM numerology design to operate NR in unlicensed spectrum for 60GHz.
NR Rel-15 focused on frequencies up to 40GHz, and therefore further studies may be needed to determine a suitable subcarrier spacing for the 60GHz band. We consider it appropriate to consider such studies in tandem to studies that may include potential enhancements to channel access mechanisms, after the general discussion for lower bands, e.g., 5 GHz, 6 GHz is complete.
Nevertheless, both [4] and [5] noted that with a subcarrier spacing of 60 kHz, robustness towards phase noise is sufficient up to 30 to 40 GHz. Therefore, for 60GHz operation at least larger than 60 kHz SCS (e.g. 120 kHz) is required.  
 Observation 3: 
· For 60GHz operation at least larger than 60 kHz SCS (e.g. 120 kHz) is required.  
[bookmark: _Toc458153812]Conclusion
In this paper, we discussed OFDM numerology design to operate NR in unlicensed spectrum. Based on the discussion, we made the following observations:
Observations:
· For 60GHz operation at least larger than 60 kHz SCS (e.g. 120 kHz) is required.  
Proposals: 
· 30 kHz subcarrier spacing is supported for NR unlicensed @ 5 GHz and 6GHz.
· Further study the required changes to enable the support of 60KHz subcarrier spacing for NR unlicensed @ 5 GHz and 6GHz.
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