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1	Introduction
During RAN plenary #78, the release 15 NR specifications supporting licensed band operation were approved. Before that a NR Study Item [1] dealing with NR-based access to unlicensed spectrum has been approved in RAN plenary #75.
To maximize the applicability of NR-based access, it is beneficial to study solutions applicable to unlicensed bands scenarios as part of the NR development. In this contribution, we consider issues related to NR-U frame structure. We consider the following topics:
· Numerology 
· Waveform
· Frame structure
· COT structure indication.

The following agreements related to frame structure for NR-U were made in RAN1#92bis [2] and RAN1#93 [3]:
Agreement: [2]
· NR-U supports both Type-A and Type-B mapping already supported in NR 
· Additional starting positions and durations are not precluded
· For sub-7 GHz, NR-U study the SCSs, 15/30/60KHz
· Study performance difference between different SCS
· Study if changes to UL design are needed to meet the PSD and OCB requirements
· Study if an SS block design/RMSI/OSI with 60KHz SCS is needed 
· Impact on MIB and SIB1 content 
· Need for use of ECP for 60KHz
· RACH design with 60KHz SCS in addition to options currently part of NR
· Other considerations are not precluded. 
· Impact on support of different BWs with different SCS
· Study supporting more than one switching points within a TxOP
· FFS the LBT requirement for each DL/UL data/control burst in the TxOP

Agreement: [3]
· Single and multiple DL to UL and UL to DL switching within a shared gNB COT is identified to be beneficial and can be supported
· LBT requirements to support single or multiple switching points, include
· For gap of less than 16us: no-LBT can be used 
· Restrictions/conditions on when no-LBT option can be used will be further identified, in consideration of fair coexistence. 
· For gap of above 16us but does not exceed 25us: one-shot LBT can be used 
· Restrictions/conditions on when one-shot LBT option can be used will be further identified, in consideration of fair coexistence. 
· For single switching point, for the gap from DL transmission to UL transmission exceeds 25us: one-shot LBT is used 
· Further study needed on how many one-shot LBT attempts is allowed for granted UL transmission 
· FFS: For multiple switching points, for the gap from DL transmission to UL transmission exceeds 25us, one-shot LBT is used. Regulations for this option.

Agreement: [3]
· Study FBE (as in the ETSI BRAN specifications) based frame structure
· Identify the changes needed to support FBE operation of NR-U
· Restrictions/conditions on when FBE option can be used will be further identified, in consideration of fair coexistence. 
· Strive to minimize the change from current NR design

Agreement: [3]
· Benefits of using a signal that facilitates its detection with low complexity can be investigated including all/part of the following scenarios/use cases: 
· UE power saving
· Improved coexistence
· Spatial reuse at least within the same operator network 
· Serving cell transmission burst acquisition
· FFS: further usage scenarios

Agreement: [3]
· An interlaced waveform can have benefits in some scenarios including
· Link budget limited cases with given PSD constraint
· As one option to efficiently meet the occupied channel bandwidth requirement. 
· A waveform contiguous in frequency may be adequate in some scenarios
· To inherit legacy contiguous allocation designs.
Note: It is RAN1’s understanding that the temporal allowance of not meeting occupied channel bandwidth by regulation can be exploited if the minimum bandwidth requirement, e.g., 2 MHz, is satisfied.
2	Numerology and waveforms
2.1	Numerology
Support for multiple numerologies is one of the basic features in NR. Table 4.2-1 captured from TS 38.211 shows the transmission numerologies supported by NR. It is well known that larger subcarrier spacing leads to:
· larger carrier bandwidth for a given FFT size,
· smaller symbol duration and potentially lower latency,
· smaller channel access overhead due to finer-granularity frame design, and
· reduced CP length.

Table 4.2-1: Supported transmission numerologies.
	

	

	Cyclic prefix

	0
	15
	Normal

	1
	30
	Normal

	2
	60
	Normal, Extended

	3
	120
	Normal

	4
	240
	Normal




Based on the revised SID agreed in RAN#80 [4], the study item considers only bands below 7GHz. To maximize commonality between NR licensed and unlicensed band implementations it makes sense to have a common numerology set defined for licensed band operation also for NR unlicensed band scenarios. Based on that, NR-U studies are limited to the following numerologies: [15, 30, 60] kHz. It is noted that 15 kHz subcarrier spacing does not seem well suited for NR unlicensed band operation, since the resulting symbol duration becomes relatively long. 

Proposal 1: Adopt the existing NR numerology set for NR unlicensed operation 

One of the open issues related to NR-U numerologies below 7 GHz is the need for use of ECP for 60 kHz subcarrier spacing. Table 1 below shows the CP length for considered NR-U scenarios below 7 GHz. 

Table 1: CP length with different options
	

	

	CP length (us)

	0
	15
	4.8

	1
	30
	2.4

	2
	60
	1.2 (Normal)
4.2 (Extended)




We think that ECP option is not needed for NR-U,=2. 
· Due to smaller Tx power ( cell size), delay spread in NR-U scenarios is considerably smaller compared to that of licensed band operation. 
· Furthermore, NR-U can operate with 60 kHz subcarrier spacing even in TDL-C-1000ns channel. SINR floor due to large delay spread starts to affect the achievable SINR at relatively high SNR values (SNR >15 dB) [5].
· Extended CP has large CP overhead (20%) compared to that of normal CP (6.7%). Based on that, ECP is not a preferred configuration from spectral efficiency and fairness/co-existence point of view.
· It is always possible to increase the CP length by reducing the subcarrier spacing (according to Table 1).  

Based on the discussion above we make the following proposal:
Proposal 2: Extended CP length is not considered for NR-U.

2.2	UL Waveform and resource allocation in frequency
Based on the agreements made in RAN1#93, both interlaced resource allocation and resource allocation contiguous in frequency are considered as part of NR-U studies.
· Interlaced resource allocation can have benefits in link budget limited cases with given PSD constraint. It allows to meet also the OCB requirement.
· Contiguous allocation based on legacy resource allocation may be adequate in some scenarios.

We consider interlace design in more details in [6] and [7]. We have evaluated the maximum achievable UE Tx power for different interlace structures in [7]. The results show that the proposed interlace structures can provide reasonably high Tx power especially when all interlaces are used. In this case, maximum Tx power is limited by ACLR (30 dB).
· The maximum Tx power depend on the waveform used: DFT-S-OFDM provides approximately 2.2 dB higher Tx power compared to that of CP-OFDM when all interlaces are used. On the other hand, it is quite unlikely to have QPSK as the modulation scheme for uplink transmission in this scenario.
· The maximum Tx power does not depend on the subcarrier spacing.
When only one interlace allocated, then Tx power is limited by PSD (instead of ACRL). It can be noted that in this case the maximum achievable Tx power is the same for DFT-S-OFDM and CP-OFDM. Based on that, it makes sense to consider CP-OFDM as the primary uplink waveform for NR-U.
Proposal 3: Consider CP-OFDM as the primary uplink waveform for NR-U.
The regulatory rules are evolving. For example, according to the latest updates made for ETSI regulation corresponding to 5GHz band, during a Channel Occupancy Time (COT) of 5GHz band, equipment may operate temporarily with an OCB of less than 80% of its Nominal Channel Bandwidth with a minimum of 2 MHz. We see that the potential benefits from this allowance should be explored. For example, a wide BW variant of a NR signal (i.e. interlace -based transmission, or localized transmission fulfilling the OCB rule) may use resources less efficiently than the original Rel-15 NR signal. In such case, the wide BW variant could be used only when OCB requirement needs to be met by the signal, and more efficient Rel-15 NR signal would be used otherwise. In these cases PUSCH resource allocation for NR-U can be based on Uplink resource allocation type 1 (contiguous allocation of virtual resource blocks) defined in NR 38.214.
[bookmark: _Hlk521315177]RAN4 has discussed the conditions under which a non-contiguous CP-OFDM resource allocation would follow the agreed Maximum Power Reduction rules for contiguous allocation; this is described as almost-contiguous allocation. According to [10], the puncturing of some resource blocks will not negatively impact unwanted emissions, especially if the power spectral density is maintained at the same level. The bitmap resource allocation signaling (Uplink resource allocation type 0) could be used with potentially some restrictions on punctured resource blocks, and the capability for the feature exists in NR Rel-15. Based on that, it makes sense to consider almost-contiguous allocation as a reasonable resource allocation option for NR-U uplink. 
Proposal 4: Consider almost-contiguous allocation based on Uplink resource allocation type 0 as one of the supported frequency domain resource allocation schemes for NR-U.
3	Frame Structure   
3.1	COT structure
In a licensed band (esp. latency critical) scenario, the deployment of frequent DL-UL and UL-DL switching points is well motivated. On the other hand, when operating in unlicensed band scenario, because of the regulations, it may sometimes make sense to operate with less frequent switching points to match the regulatory requirements w.r.t. Maximum Channel Occupancy Time (MCOT) at the cost of latency, of course. 

It was agreed in RAN1#93 that “Single and multiple DL to UL and UL to DL switching within a shared gNB COT is identified to be beneficial and can be supported”. Figure 1 shows an example of three switching points within a COT. Support for multiple switching points can provide e.g. improved latency performance without increasing the overhead of frequent (Type 1) channel access procedures too much. From HARQ/scheduling point of view, it is not a problem to support TxOP with multiple switching points: Similar functionality is supported already for NR licensed band operation.  

Multiple switching points within a TxOP needs to be taken into account in the channel access procedures, see details in [9]. The length of the switching gap between different link directions needs to be considered as well. One example of multiple switching points within a TxOP is shown in Figure 1: 
· gNB performs Type 1 LBT (LBT #1) at the beginning of TxOP (similarly as in LTE LAA).
· UEs perform Type 2 LBT (or no LBT) at the beginning of the first UL portion (LBT #2) 
· In the case of multiple switching points, gNB/UE perform Type 2 LBT or no LBT before the 2nd transmission (LBT#3, LBT#4).  

Observation 1: Introduction of multiple-switching points within COT does not necessarily increase the frequency of TYPE 2 LBT, while significantly reducing the latency. 

[image: ]
Figure 1. Example of three switching points within a COT

NR operation should support wide range of UL/DL ratios, including ones where there are several consecutive DL or UL slots. Hence, there is a need for fully flexible operation in terms of DL/UL switching, which can be achieved by means of the three basic slot types: bi-directional slot, DL-only slot and UL-only slot. It was agreed in RAN1#92bis that “NR-U supports both Type-A and Type-B mapping”. Type-B mapping (a.k.a. non-slot based scheduling with DMRS in the first symbols of PxSCH) allows flexible starting position in a slot and can reduce the time between the possible consecutive transmission starting positions. Type-A mapping, unlike TYPE-B, supports more flexible PDSCH/PUSCH time-domain resource allocations. Hence it can provide flexible ending symbol for the TxOP. 

Generally speaking, NR frame structure defined for licensed spectrum scenarios provides a very good baseline from NR-U point of view, and only minor changes to the slot formats compared to licensed band operation are foreseen. For example, NR-U should introduce a possibility to have short PUCCH at the beginning of UL portion of the COT in the case of UL-only or bi-directional UL slots.

Proposal 5: NR Unlicensed band operation can be based on fixed frame timing and slot formats defined in NR Rel-15.
Proposal 6: NR-U operation should support short PUCCH located at the beginning of the UL portion of the COT.
Proposal 7: Study LBT options for the case with multiple switching points within a TxOP. 

3.2	Mini-slot based operation
When NR is deployed on unlicensed bands requiring contention based channel access procedure, it is beneficial that gNB or UE can swiftly occupy channel once the channel access procedure indicates the channel to be vacant. If gNB or UE waits for too long in self-deferral to align transmissions with slot boundary, more agile systems may occupy the channel in the meanwhile. 

It was agreed in RAN1#92bis that “NR-U supports both Type-A and Type-B mapping, and “Additional starting positions and durations are not precluded”. Mini-slots represent an efficient way to reduce the time between the possible consecutive transmission starting positions. On the other hand, more frequent transmission starting positions increase DL control channel blind decoding burden on the UE side and a reasonable trade-off between the DL control channel decoding burden and frequency of transmission starting positions is needed. Figure 2 illustrates one example:
· UE is configured with PDCCH monitoring periodicity of 2 OFDM symbols
· The first mini-slot(s) are used for aligning the ending position of the first transmission(s) of DL Tx burst with the slot boundary
· After first mini-slot(s), the UE continues PDCCH monitoring using periodicity of one slot and is scheduled with full-slot time-domain resource allocations of Type A.

This approach has several benefits:
· UE power saving: unnecessary PDCCH monitoring with a high periodicity (such as 2 OFDM symbols) can be avoided after the first transmission of DL Tx burst.
· Reduced control channel and DMRS overhead: unnecessary mini-slot based PDCCH, HARQ-ACK and DMRS overhead is avoided, without compromising fast channel access. 
· Reduced implementation complexity as gNB can prepare DL transmission (e.g. 4OS mini-slot) in advance w/o knowing the absolute starting timing of the DL Tx burst.

Proposal 8: Consider PDCCH monitoring, where non-slot based monitoring is used at the beginning of the COT and slot-based monitoring is used after first mini-slot(s) of the COT


[image: ]
Figure 2. PDCCH monitoring

When gNB is contending for channel access on unlicensed band, gNB needs to have a mini-slot or a slot ready for transmission, but it does not know when it can access channel and transmit the prepared mini-slot/slot. If (mini-)slot structure (including PDCCH) depends on the time, e.g. in terms of scrambling or pilot positions/sequence, gNB needs to repeatedly re-build mini-slots with the same data while it is contending for channel access. A simpler implementation is achieved if gNB can build a mini-slot only once and then wait for channel access. This is possible if mini-slot structure/signal does not depend on time. Of course, this presents challenges for multiplexing of periodic signals to mini-slots, which requires further studies. Also, uncompromised inter-cell interference randomization via scrambling may be needed in some scenarios, implying that the time dependency/independency of mini-slot structure could be a configurable option or would only be applied for the mini-slots at the beginning of the COT.
Proposal 9: Possibilities for (mini-)slot structure independent from time are investigated.  

3.3	Indicating the COT structure
NR licensed band operation supports both semi-static and dynamic configuration for SFI. We think that these options need to be supported also for NR-U: 
· Semi-statically configured resources can be used e.g. for discovery reference signal and PRACH resources
· Dynamic indication of the time-varying COT structure is conveyed using GC-PDCCH. 

Dynamic indication of the COT structure provides many benefits including the following: 
· It enables usage of Type 2 LBT at the UE.
· GC-PDCCH can be used to determine the location of the short PUCCH at the beginning of UL portion of the COT.
· Provides opportunities for UE power saving (e.g. no PDCCH monitoring during UL portion of the COT)
· It can be used to aid CSI measurement at the UE.
· It can be used to detect (and/or validate) DL transmission detection.

It makes sense to use GC-PDCCH for SFI defined in NR-Rel-15 as the starting point also for NR-U studies. However, NR-U specific aspects need to be considered as well. Those include e.g. NR-U -specific slot formats, wideband operation (based on 20 MHz sub-band), and support for multiple switching points within a COT. 
Proposal 10: Use NR-U specific GC-PDCCH for dynamic indication of the COT structure. 
· GC-PDCCH for SFI defined in NR-Rel-15 can be used as the starting point for discussion

4. Conclusions
In this contribution, we have discussed potential solutions and techniques related to NR-U frame structure. Based on the discussion, we make the following proposals and an observation:
Numerology and waveforms:

Proposal 1: Adopt the existing NR numerology set for NR unlicensed operation 
Proposal 2: Extended CP length is not considered for NR-U.
Proposal 3: Consider CP-OFDM as the primary uplink waveform for NR-U.
Proposal 4: Consider almost-contiguous allocation based on Uplink resource allocation type 0 as one of the supported frequency domain resource allocation schemes for NR-U.
Frame structure:

Observation 1: Introduction of multiple-switching points within COT does not necessarily increase the frequncy of TYPE 2 LBT, while significantly reduces the latency. 

Proposal 5: NR Unlicensed band operation can be based on fixed frame timing and slot formats defined in NR Rel-15.
Proposal 6: NR-U operation should support short PUCCH located at the beginning of the UL portion of the COT.
Proposal 7: Study LBT options for the case with multiple switching points within a TxOP
Proposal 8: Consider PDCCH monitoring, where non-slot based monitoring is used at the beginning of the COT and slot-based monitoring is used after first mini-slot(s) of the COT
Proposal 9: Possibilities for (mini-)slot structure independent from time are investigated.  
Proposal 10: Use NR-U specific GC-PDCCH for dynamic indication of the COT structure. 
· GC-PDCCH for SFI defined in NR-Rel-15 can be used as the starting point for discussion
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