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This contribution is revised from R1-1802723.
In the RANP meeting #75, the new SID on NR-based Access to Unlicensed Spectrum was agreed [1] and one of the objectives of the SID was: 
· 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
In this contribution, the considerations of numerology and wideband operation for NR accessing unlicensed bands are discussed, which include applicable subcarrier spacing and flexible bandwidth operation. 
[bookmark: _Ref129681832]Applicable subcarrier spacing and carrier bandwidth for NR accessing unlicensed bands
When introducing the NR system to unlicensed bands, one or multiple kind of subcarrier spacing (SCSs) should be selected from the set that are supported by NR Rel-15. 
For sub-6G unlicensed bands, e.g., 5GHz, the 15KHz SCS with normal CP length is supported in LAA-LTE, and the same SCS could also be supported in NR unlicensed access to achieve similar coverage as LAA-LTE. Whether to support a larger SCS on unlicensed bands is worthy to be studied. If a larger SCS is applied, the symbol duration will be shorter. This is beneficial to increase the channel access opportunities and reduce latency [2] and thus enhance the resource utilization. 
The larger SCS also facilitates the single wideband carrier operation which reduces the overhead in the control and guard tones. For the same system bandwidth, the larger SCS requires the smaller FFT size, and hence reduce the implementation complexity. 
Here we conduct a performance comparison among three schemes to achieve 80MHz operating bandwidth, including following schemes
· Scheme 1) carrier aggregation of 4x20MHz CC with 15KHz SCS (similar as LAA-LTE); 
· Scheme 2) carrier aggregation of 4x20MHz CC with 60KHz SCS; 
· Scheme 3) 1x80MHz CC with 60KHz SCS. 
Detailed scenario and simulation assumptions can be found in the Appendix.
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Figure1. UPT (Mpbs) performance for 60 KHz and 15 KHz SCS on unlicensed spectrum
From Figure 1, it is observed that the system with a SCS of 60KHz operating as a wideband (scheme 3) can obtain about 40% average UPT gain than the system with a SCS of 15KHz operating with CA (scheme 1) for the same system bandwidth under the assumed scenario. The performance gain comes from the finer granularity to occupy the channels. In addition, the processing delay for the short symbol demodulation is reduced, so retransmission for short symbols in the same MCOT becomes possible and HARQ combination gain can be achieved with low latency. However in CA deployment, the performance of 60KHz SCS (scheme 2) and 15KHz SCS (scheme 1) is comparable. That is because the overhead of guard tone of 60KHz SCS CC is much larger than that of 15KHz SCS CC according to the agreed guard tone assumption in RAN4 [3]. On the other hand, the system with 60KHz SCS CC can achieve more opportunities to occupy the unlicensed channel than 15KHz SCS CC. Therefore, the spectrum efficiency loss from guard tone in 60KHz CC is compensated by the additional starting positions for channel access. In the simulation, the channel access mechanism is similar to multi-carrier type B in Rel-13 LAA where the channel sensing is independently performed for each 20MHz, but the occupied channel bandwidth will be generally fixed 80MHz since the contending network is also using 80MHz bandwidth after channel access. 
However, in practical deployment where there might be contention nodes operating on per subband, the fixed wideband transmission will cause performance loss due to limited chances to clear the channels over all the wide bandwidth. It is therefore preferable to consider the dynamic transmission bandwidth adaptation to allow more transmission opportunity, as discussed in section 3.3. In this case (dynamic wideband transmission and subband interference), the relative gain of 60KHz/wideband compared to 15/60KHz/CA is expected to decrease, since the opportunity to transmit wide bandwidth will be reduced due to subband interference, while wideband transmission composes the most gain from figure 1.   The detailed discussion on the LBT bandwidth can be found in [4].  
Observation: The single carrier wideband operation can achieve better UPT performance compared to CA operation.
Although larger SCS has the advantages of channel access opportunity, if the SCS is too large, e.g., 120KHz, the symbol duration will be very small, e.g., 8.33 µs, which is almost as long as the duration of normal CP using 15KHz (4.7 µs), and the corresponding CP duration will be reduced to around 0.6 µs, which may impact the coverage in unlicensed band. Therefore, the SCS up to 60KHz should be considered for NR accessing in unlicensed bands. Since the normal CP length is reduced along with the symbol duration for a larger SCS, extended CP could be considered to support a larger coverage.
Proposal 1: For NR access on sub-7G unlicensed bands, the SCSs up to 60KHz should be supported.
Proposal 2: NR should support component carrier bandwidth larger than 20MHz in sub-7G in unlicensed band.

Flexible bandwidth operations on unlicensed bands 
NR support flexible carrier bandwidths. In NR licensed, the minimum carrier bandwidth is 5MHz. The maximum number of subcarriers for an NR carrier is restricted to 3300 or 6600 in Rel-15. With a SCS of 30KHz, 3300 subcarriers can support an NR carrier of about 100MHz. Similar flexible bandwidth operations on unlicensed bands should be considered. Note that the structure and the guard band of wider bandwidth operation could follow the same design principle of NR licensed. Several considerations from unlicensed band perspective are discussed below.
Channelization
In 5GHz bands, the channel bandwidth set are composed of 20/40/80/160 MHz in 802.11n, 802.11ac and 802.11ax specification. In order to guarantee fair co-existence, the channel bandwidth of NR unlicensed operation should take the existing channelization of unlicensed bands into account. For example, if 30MHz bandwidth in 5GHz were used for NR unlicensed operation, then even though there might be on-going transmission from NR device on the left 30MHz channel as shown in Figure 2, a Wi-Fi device located on the right 20MHz channel might determine this 20MHz channel to be unoccupied by energy detection because only part of the on-going transmission power falls into this 20MHz bandwidth. And this clearly leads to the interference from Wi-Fi devices to NR devices and vice versa.


Figure 2: Example of channel bandwidth of NR unlicensed operation.
Thus, channelization on unlicensed bands should take coexistence with legacy systems, e.g., Wi-Fi and LAA-LTE, into consideration for NR unlicensed design. 
Proposal 3: Flexible channel bandwidth in NR unlicensed bands should take coexistence into consideration.

Dynamic bandwidth transmission
Before transmission on an unlicensed carrier, the device shall apply LBT to ensure the target carrier is clear before accessing. When performing channel access procedures for a wider bandwidth, subband-based LBT inheriting the existing multi-carrier LBT mechanism in LAA-LTE and wideband based LBT shall be carefully evaluated as mentioned in our companion contribution [4]. For subband-based LBT, the transmission on each subband is independent subject to LBT success, while for wideband LBT, the transmission is always occupying the whole bandwidth subject to LBT success for the whole bandwidth. For a single carrier operating on a wider bandwidth, however, if one or several subbands within the bandwidth have been occupied by neighbor operators or Wi-Fi systems, there would be two cases:
Case 1: the LBT may still be successful by using wideband LBT, and the wideband transmission would experience unequal interference on different subbands. In addition, the transmission on subbands by neighbor operators or Wi-Fi systems would suffer severe interference caused by the wideband transmission.
Case 2: the LBT fails and the device has to wait for all subbands clear before it starts transmission, so the channel access opportunity and the spectrum utilization efficiency would be negatively impacted.    

Figure 3: Illustration of dynamic bandwidth transmission for CA and Wider BW 
Therefore, similar to CA operation, allowing dynamic bandwidth transmission based on subband LBT is beneficial and shall be applied for a wider bandwidth operation to achieve transmission flexibility and spectrum utilization efficiency, as shown in Figure 3. 
Proposal 4: Dynamic bandwidth transmission with subband LBT for wider bandwidth operation shall be studied to achieve transmission flexibility and spectrum utilization efficiency.

In NR design, bandwidth part (BWP) configuration has been introduced to enable reduced UE bandwidth capability as well as reduced UE power energy consumption by bandwidth adaptation within a wideband carrier. This concept can also be extended to a wider bandwidth operation in unlicensed band to achieve the same benefits. In addition, when considering the dynamic bandwidth transmission due to subband LBT for wider bandwidth operation, multiple BWP configurations where each of them matches the subband for LBT may be helpful for transmission flexibility and spectrum utilization efficiency. The BWP operation which adapts to the dynamic bandwidth transmission is analyzed as follows:
In general, there are two mechanisms to support dynamic bandwidth transmission:
· Option 1:Single Wideband BWP
In this option, only one wideband BWP is activated for a UE within a component carrier, which is consistent with the current NR design. That is in Rel-15, for a UE, there is at most one active DL BWP and at most one active UL BWP at a given time for a serving cell.
Since the occupied channel bandwidth is composed of multiple subbands with LBT success, the wideband BWP bandwidth can be in the unit of subband for LBT and furthermore, the BWP bandwidth can be larger than the bandwidth of subband for LBT from the aspect of transmission efficiency. For example, if the subband for LBT is 20MHz in 5GHz band, the wideband BWP bandwidth can consist of multiple 20MHz.
The transmission bandwidth is subject to subband with LBT success, which will result in dynamic bandwidth transmission. Considering the eNB scheduling is always ahead of obtaining the LBT results and it may be hard to re-schedule or re-generate PHY packets according to the LBT results temporarily, the scheduled resources would be punctured partially due to this dynamic bandwidth. To support the data reception affected by the puncturing, the indication of the actual transmission bandwidth is necessary for both downlink and uplink transmission. For example, the actually occupied bandwidth can be obtained by detecting front loaded DMRS transmitted on the occupied subband(s), or indicated by PDCCH. For UL transmission with wideband operation, in order to adapt to dynamic bandwidth, the interlace design should be scalable over various bandwidth as discussed in section 3.3. 
In addition, the solutions to ensure the transmission opportunity of control channels such as CORESET and PUCCH transmission should also be investigated, so as to adapt to the dynamic bandwidth transmission. For example, for CORESET transmission, a CORESET should be within subband LBT bandwidth, e.g. 20MHz. Multiple CORESET on different subband LBT bandwidth within the BWP bandwidth could be considered to increase the transmission opportunity with the cost of resource overhead or adjusting the CORESET location according the actual transmission bandwidth with the cost of re-interpreting the resource set(s) for rate matching. Similarly for PUCCH transmission, the PUCCH resource should also be limited within the subband LBT bandwidth.  Multiple PUCCH resource in frequency domain can be configured to provide more transmission opportunities in case LBT failures on some subbands.
· Option 2: Multiple active BWPs
In this option, multiple BWPs can be activated simultaneously within a component carrier.  Obviously this requires UE to have the capability to support multiple narrow RF or a wide RF which includes these multiple activated BWP. 
To maximize the BWP utilization efficiency, the BWP bandwidth can be the same as the bandwidth of subband for LBT, i.e. LBT is carrier out on each BWP. 
Since the LBT is per BWP, one straight solution to support data transmission is there is one PDCCH scheduling at least one TB on one activated BWP. This is similar to CA operation in LAA-LTE. However this may incur some control overhead since PDCCH needs to be transmitted on each BWP when resource allocation across multiple BWP occurs for a UE. Some enhancements may need to be further studied, such as one PDCCH is used to schedule data over multiple BWPs. But as a result, how to ensure the transmission opportunity of this PDCCH should needs to be further studied, as discussed in Option 1. Furthermore, how to ensure the PUCCH transmission over multiple active BWPs should also be considered. For example, similar as option 1, multiple PUCCH resource on different BWP can be configured. In addition, since the available BWPs may vary from time to time due to interference from other systems, retransmission on the same or different BWP may be allowed. That is HARQ process could be shared among BWPs for Option 2. 
Proposal 5: Single wideband BWP and multiple active BWPs can be supported to achieve component carrier bandwidth larger than 20MHz in sub-7G on unlicensed band.

Waveform 
In unlicensed bands, channel occupancy requirement on signal transmission is specified in some regions, for example, the signal occupied bandwidth shall be at least 80% (5GHz) of the declared nominal channel bandwidth according to the European standard. For DL transmission, this requirement could easily be fulfilled since the gNB could provide service to multiple users in FDM manner at the same time, so the same waveform for NR DL licensed carrier could be reused for NR unlicensed.
For LTE UL transmission in unlicensed carrier (eLAA), the interlaced based UL resource mapping is adopted to support FDM based multiplexing between UEs on the same subframe, so each UE may use a maximum transmission power while satisfying this regulatory requirement for channel occupancy. For NR UL transmission, interlaced based UL resource mapping could be the baseline. However, considering different SCSs and flexible channel bandwidth, interlace design should be further studied. 
In addition, as discussed in section 3.2, due the uncertainty of LBT, the actual available bandwidth for UE could be different from the scheduled bandwidth by gNB. To better use the channel, the dynamic wideband operation should be also supported for uplink transmission in NR-U. For instance, assuming only 20MHz in the scheduled 80MHz bandwidth is available after LBT, then UE can transmit on this available 20MHz bandwidth instead of discarding the whole transmission. By doing so, it is required that interlace design should be scalable over various bandwidth to avoid conflict. 
In eLAA, there are 100 RBs available for transmission, which offers a good interlace option with N=10 interlaces, each interlace consisting of M=10 equally spaced clusters with 1RB in each cluster. However, in order to support the scalability and to satisfy OCB requirement on the actual transmission bandwidth, interlace with fixed number of cluster will no longer be suitable. Instead, interlace with a fixed spacing between adjacent clusters for different flexible BW as shown in Figure 4 is preferred. 

Figure 4. Interlace with fixed spacing between adjacent clusters
On the other hand, it has been agreed in RAN#4 that the total number of available RBs for each system bandwidth and subcarrier spacing is limited as shown in the following table. It can be found that it is difficult to have same number of cluster in all interlaces within channel bandwidth in NR-U. For instance, the total available RB number for 15kHz SCS and 20MHz bandwidth is 106, and if the interlace spacing is 10RBs, and each cluster has 1RB, then we will have 6 interlaces with 11 equally spaced clusters and 4 interlaces with 10 equally spaced clusters. Hence, the non-even interlace should be supported in NR-U. 
Table 1. Maximum transmission bandwidth configuration NRB
	SCS [kHz]
	20 MHz
	40 MHz
	80 MHz

	
	NRB
	NRB
	NRB

	15
	106
	216
	N.A

	30
	51
	106
	217

	60
	24
	51
	107



Proposal 6: For DL, the same waveform for licensed carrier could be reused for NR unlicensed.
Proposal 7: For UL, flexible UL interlaced design should be studied to support adaptive bandwidth operation. 
· Interlace with fixed spacing between adjacent clusters should be supported.
· NR-U should support the non-even interlace structure.

Conclusion
In this contribution, the considerations of numerology for NR accessing unlicensed bands including applicable subcarrier spacing and flexible bandwidth operations are discussed with evaluation. It is observed and proposed:
Observation: The single carrier wideband operation can achieve better UPT performance compared to CA operation.
Proposal 1: For NR access on sub-7G unlicensed bands, the SCSs up to 60KHz should be supported.
Proposal 2: NR should support component carrier bandwidth larger than 20MHz in sub-7G in unlicensed band.
Proposal 3: Flexible channel bandwidth in NR unlicensed bands should take coexistence into consideration.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 4: Dynamic bandwidth transmission with subband LBT for wider bandwidth operation shall be studied to achieve transmission flexibility and spectrum utilization efficiency.
Proposal 5: Single wideband BWP and multiple active BWPs can be supported to achieve component carrier bandwidth larger than 20MHz in sub-7G on unlicensed band.
Proposal 6: For DL, the same waveform for licensed carrier could be reused for NR unlicensed.
Proposal 7: For UL, flexible UL interlaced design should be studied to support adaptive bandwidth operation. 
· Interlace with fixed spacing between adjacent clusters should be supported.
· NR-U should support the non-even interlace structure.
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Appendix: Scenario and assumptions
Scenario
· Indoor hotspot (12BSs per 120m x 50m,10 users per BS)
· 5GHz, with ITU-Inh channel model
· Traffic model with FTP3, 0.5M bytes per file
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Assumptions 
	
	NR unlicensed
with 60KHz SCS
	NR unlicensed
with 15KHz SCS

	Bandwidth
	1x80 MHz/4x20 MHz CA
	4x20 MHz CA

	SC spacing
	60 kHz
	15 kHz

	Portion of Guard tone
	3.7%/ 13.6%
	4.6%

	Slot duration
	0.25ms
	1ms

	Starting position
	OS#0 or OS#7

	Total BS TX power
	[bookmark: OLE_LINK167][bookmark: OLE_LINK168]23dBm

	Antenna configuration 
	2T*2R

	Scheduling 
	PF

	Receiver type
	MMSE

	LBT scheme
	Cat 4/type B
	Cat 4/type B

	ED
	-72dBm
	-72dBm

	MCOT
	8ms
	[bookmark: OLE_LINK161][bookmark: OLE_LINK162]8ms

	Traffic model
	Traffic model	[FTP3, 0.5M bytes per file, lamda = 0.8]

	HARQ timing
	N+4
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