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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
· HARQ
· Wideband operation.
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




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.
· Below 6 GHz: [15, 30, 60] kHz  
· Above 6 GHz: [60, 120, 240] 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. Subcarrier spacing larger than 240 kHz should be considered for 60 GHz unlicensed band operation. This would ensure e.g. large enough bandwidth for a given FFT size.
Proposal 1: Adopt the existing NR numerology set for NR unlicensed operation 
· For 60 GHz a larger subcarrier spacing may be needed

2.2	Waveform
NR Release 15 supports CP-OFDM for DL and both CP-OFDM and DFT-S-OFDM for UL. We think that existing waveforms are suitable also for NR unlicensed operation. If a new waveform is introduced for licensed bands above 52.6 GHz, it should also be used for 60 GHz unlicensed band. 
Proposal 2: Existing NR waveforms are suitable for NR unlicensed operation. If a new waveform is introduced for licensed bands above 52.6 GHz, it should also be used for 60 GHz unlicensed band.

Unlicensed band usage involves different regulatory rules which aim at fair and equal spectrum usage for different devices. The main rules involve limitations related to occupied channel bandwidth (OCB) and maximum power spectral density (PSD). Both rules are relevant especially for uplink transmissions since DL can be made wideband by gNB scheduler decision. 
Block Interleaved OFDMA (B-IFDMA) is the baseline transmission scheme used for uplink transmissions in LTE LAA. It is based on usage of 10 interlaces, each having 10 clusters with 1 PRB. We think that also in the NR, there is a need to support interlace-based operation to achieve sufficiently high transmission power under PSD limit and to meet regulatory rules defined for occupied channel bandwidth. The NR solution needs to be designed to support for multiple numerologies as well as wideband operation. We think that interlace based transmission needs to be supported by all numerology options defined for NR-U at least for the scenarios applicable to 5 GHz scenario. We consider interlace design in more details in [2].
The regulatory rules are also 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 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.      
Proposal 3: UL resource allocation needs to be enhanced to support interlace based operation.
Proposal 4: OCB requirement is not applicable in all cases and in those cases Rel-15 NR channels / signals may be used.

3	Frame Structure and HARQ   
3.1	Frame 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. Very frequent switching of link direction would result in unnecessary overhead due to frequent channel access procedures. NR operation should also 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 is also noted that unlicensed band operation may introduce some minor changes to the slot formats compared to licensed band operation. For example, due to LBT, it should be possible to have short PUCCH at the beginning of UL portion in the case of UL-only or bi-directional UL slots.
Observation 1: The three basic NR slot types - bi-directional slot, DL only slot and UL only slot - can facilitate also NR unlicensed band operation. 

When NR is applied 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. 

There are a few options to occupy the channel in a swift manner: 
· Time scale between the consecutive possible transmission starting positions is sufficiently short in light of the channel access procedure time scales defined e.g. in regulations. Use of mini-slots as well as larger subcarrier spacing allow for this.     
· Slot timing is made floating. This approach deviates significantly from the basic paradigm of frame based access and, hence, introduces complexity e.g. in multiplexing of periodic signals bound to the frame structure and in control signal timing.
· gNB or UE transmits reservation signal from channel access to the next slot boundary. However, reservation signal is unnecessary overhead and reduces spectral efficiency.

Mini-slots represent an efficient way to reduce the time between the possible consecutive transmission starting positions. However, 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. The benefit from having transmission starting position intervals in the order of the Clear Channel Assessment observation time (9us – 20us) is unclear. Instead, transmission starting position intervals that are roughly in order of magnitude longer than CCA observation time could be investigated. It can be noted that the slot duration is already in that order of magnitude with a large subcarrier spacing, e.g. 120 kHz. However, when operating with smaller subcarrier spacing, e.g. 30 kHz, mini-slot may provide a reasonable option for increasing the number of potential transmission starting positions in unlicensed band operation. 

Proposal 5: NR Unlicensed band operation can be based on fixed frame timing and building blocks defined in NR Rel-15.
  
Observation 2: Mini-slot provides a way to reduce the time between the consecutive possible transmission starting positions when operating on unlicensed band.
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 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 TxOP.
Proposal 6: Possibilities for mini-slot structure independent from time are investigated.  

3.2	HARQ feedback
NR unlicensed SI will address architecture scenarios where NR LAA cell connects with LTE anchor cell on licensed band using Dual-Connectivity, or NR cell operates standalone in unlicensed spectrum. In such cases it is not possible to transmit HARQ feedback via licensed band, and HARQ feedback needs to be transmitted over unlicensed spectrum. We discuss HARQ feedback design for NR unlicensed in [3]. Based on that discussion, we see it desirable to support 
· HARQ feedback in a self-contained COT manner, that is, all HARQ-ACK feedback is transmitted within the same shared channel occupancy time as the associated PDSCHs
· HARQ feedback with relaxed timing, where HARQ feedback is at least partially reported in different COT than the associated PDSCHs.
· Pulled HARQ feedback based on explicit triggering or scheduling. 
 
Obviously self-contained COT imposes aggressive processing time requirements to UE. Further, it is desirable that the gap between DL and UL transmissions is kept short, preferably in the order of single shot LBT duration, that is, 25 us. This is considerably shorter than even the most aggressive processing time considered for UE. Hence, it is desirable to investigate whether transmission of other signals, like SRS or short PUSCHs at the beginning of UL burst (or at end of DL burst) facilitates sufficient PDSCH processing time and if this leads to feasible and efficient frame structure.  
Proposal 7: To support a solution where all HARQ-ACK feedback is transmitted within in the same shared COT as the associated PDSCHs, it is investigated whether transmission of refence signals or PUSCH at beginning of UL burst facilitates sufficient PDSCH processing time while keeping efficient frame structure.  
[image: ]
Figure 1. Principle of the self-contained COT.
3	Wideband operation 
There are several wide unlicensed bands and even a single gNB or a UE can occasionally access very wide bandwidths. In addition, NR R15 UEs will all support 100MHz BW. Hence, wideband operation is one of the key building blocks for NR unlicensed. Both carrier aggregation and BWP mechanisms are supported in Rel-15 NR for wideband operations. We see that NR unlicensed should use both mechanisms to achieve sufficiently versatile support for wideband.  

Conventional carrier aggregation offers several benefits, e.g.,
· Frequency domain flexibility: aggregated carriers do not need to be adjacent but may be widely apart. This offers e.g. diversity for channel access
· Each carrier may employ its own LBT meaning agile channel access.
Hence, we see that carrier aggregation should be supported for NR unlicensed (in addition to facilitating the LAA operation with NR licensed carrier).

Of course, carrier aggregation has also its price: multiple RF chains are required for inter-band CA, increasing the price of UE transceivers. Additionally, carrier aggregation increases UE power consumption and has rather considerable latency in the component carrier activation/deactivation (to save UE power). 

In Rel-15 NR, concept of serving cell adaptive BW was introduced by means of BWPs. It provides an alternative wideband mechanism to intra-band CA when accessing unlicensed spectrum on adjacent channels as it can provide savings in the UE cost with reduced number of RF chains. It also improves the trade-off between UE throughput and battery consumption via fast dynamic BWP switching. As the BWP switching time is shorter than the component carrier (de)activation time (subject of current discussion in RAN4), UE can be switched rather aggressively to narrow BWP (and back to wideband BWP) saving UE battery and compromising throughput less than the slower CC (de)activation. 

On the other hand, NR BWP switching time has clearly a different order of magnitude than a single CCA in LBT procedure. This poses significant constraints on how BWP operation and LBT can interact and, hence, BWP operation on unlicensed needs to be studied and necessary enhancements to BWP need to be identified during the SI.             

Channel contention mechanism, discussed in [4], is one of the key components for efficient wideband operation and channel contention mechanism for wideband operations needs to be considered during the SI. It should be noted that both Wi-Fi and LTE LAA LBT operate on 20 MHz channels and some of the regulatory rules, e.g. ETSI’s standard, require LBT operation on 20 MHz grid at 5 GHz band. Hence, to meet regulatory requirements and to ensure fair coexistence with other systems, also NR unlicensed should support at least 20 MHz grid for LBT operation. Of course, also wider LBT BWs should be supported for higher frequency unlicensed bands or for potential new unlicensed bands like the 6 GHz band.    

The primary use-case of BWP adaption in NR is UEs battery saving, or to support UEs with limited BW capability, the secondary use-case is to balance load on different parts of a cell. All these cases consider dynamic adaptation of BW at the UE, however gNB transmission BW remains constant. When BWP is applied to unlicensed, dynamic transmission BW and frequency adaptation will be main new use case for BWP. gNB may need to adjust the transmission BW and frequency during a silent period when it is not transmitting anything or at very last instant of LBT procedure. The exact timing of that is not as important as the fact that gNB may have adjusted its transmission BW and frequency before it can signal BWP change to UE. It is critical that support for this kind of BWP operation is investigated during the NR unlicensed SI.  

Proposal 8: Both carrier aggregation and BWP adaptation features are supported in NR unlicensed. 

Proposal 9: BWP adaptation on unlicensed spectrum is investigated during SI and necessary enhancements to BWP operation are identified.

Proposal 10: It is investigated during SI how to support BWP adaptation where gNB adjusts transmission BW and/or frequency without any prior BWP switching indication to UE.
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 observations and proposals:
Numerology and waveforms:

Proposal 1: Adopt the existing NR numerology set for NR unlicensed operation 
· For 60 GHz a larger subcarrier spacing may be needed
Proposal 2: Existing NR waveforms are suitable for NR unlicensed operation. If a new waveform is introduced for licensed bands above 52.6 GHz, it should also be used for 60 GHz unlicensed band.
Proposal 3: UL resource allocation needs to be enhanced to support interlace based operation.
Proposal 4: OCB requirement is not applicable in all cases and in those cases Rel-15 NR channels / signals may be used.

Frame structure and HARQ:

Observation 1: The three basic NR slot types - bi-directional slot, DL only slot and UL only slot - can facilitate also NR unlicensed band operation. 
Proposal 5: NR Unlicensed band operation can be based on fixed frame timing and building blocks defined in NR Rel-15.
  
Observation 2: Mini-slot provides a way to reduce the time between the consecutive possible transmission starting positions when operating on unlicensed band.
Proposal 6: Possibilities for mini-slot structure independent from time are investigated.
  
Proposal 7: To support a solution where all HARQ-ACK feedback is transmitted within in the same shared COT as the associated PDSCHs, it is investigated whether transmission of refence signals or PUSCH at beginning of UL burst facilitates sufficient PDSCH processing time while keeping efficient frame structure.  

Wideband operation:

Proposal 8: Both carrier aggregation and BWP operation are supported in NR unlicensed. 

Proposal 9: BWP operation on unlicensed spectrum is investigated during SI and necessary enhancements to BWP operation are identified.

Proposal 10: It is investigated during SI how to support BWP operation where gNB adjusts transmission BW and/or frequency without any prior BWP switching indication to UE.
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