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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
· Burst detection
· COT structure indication
The following agreements related to wideband operation for NR-U were made in RAN1#92bis [2]

Agreement:
· Study possible enhancements for HARQ operation 
· Study changes needed for Configured Grant support in NR-U
· Baseline for study: If absence of Wi-Fi cannot be guaranteed (e.g. by regulation) 
in the band (sub-7 GHz) where NR-U is operating, the NR-U operating bandwidth is an integer multiple of 20MHz 
· At least for band where absence of Wi-Fi cannot be guaranteed (e.g. by regulation), LBT can be performed in units of 20 MHz. 
· FFS: details on how to perform LBT for as single carrier with bandwidth greater than 20 MHz, i.e., integer multiples of 20 MHz.
· Study whether or not the following techniques enhance performance beyond the baseline LBT mechanisms
· Techniques to cope with directional antennas/transmissions
· Receiver assisted LBT : RTS/CTS type mechanism
· On-demand receiver assisted LBT: For example receiver assisted LBT enabled only when needed 
· Techniques to enhance spatial reuse 
· Preamble detection
· Enhancements to baseline LBT mechanisms above 7 GHz
· Note: LTE-LAA LBT mechanism are assumed as baseline for evaluations for 5GHz. 
· Note: Other aspects are not precluded from being included

In this contribution we discuss NR-U aspects related wideband operation, including both carrier aggregation and bandwidth parts.
2	Carrier Aggregation and Bandwidth Parts
There are several wide unlicensed frequency bands available, and all Rel-15 NR UEs (licensed band) will be able to support 100 MHz BW for FR1 and 200 MHz in FR2. Therefore, even a single gNB or a UE can occasionally access very wide bandwidths comprising multiple 20 MHz channels. Hence, wideband operation is one of the key building blocks for NR-Unlicensed. Both carrier aggregation and BWP mechanisms are supported in Rel-15 (licensed band) NR for wideband operation. We see that NR unlicensed should use both mechanisms to achieve sufficiently versatile support for addressing large bandwidths.   
Conventional carrier aggregation offers certain benefits, e.g., 
· Frequency domain flexibility: aggregated carriers do not need to be adjacent. This offers e.g. diversity for channel access.
· The carriers operate in standalone manner, e.g. in terms of DL control and HARQ processes
· Each carrier may employ its own LBT meaning agile channel access. 

On the other hand, carrier aggregation has also its downsides: multiple RF chains are required in some scenarios, 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 facilitate UE power savings).  
In Rel-15 NR, concept of serving cell adaptive BW was introduced by means of Bandwidth Parts. In Rel-15 NR, UE can be instructed to operate on a specific part of gNB’s BW, that is, on a BWP. Up to 4 BWPs can be configured separately for UL and DL. The majority of RRC parameters in NR are configured on a per BWP basis, and each BWP can have e.g. separately configured subcarrier spacing (SCS), cyclic prefix length, BW in terms of contiguous PRBs as well as location of the BW in the cell’s total BW, as well as K0, K1 and K2 values defining the time offsets from DL assignment reception to the beginning of PDSCH, from the end of PDSCH to HARQ-ACK transmission time, and from UL grant reception to the start of PUSCH transmission, respectively. In case of unpaired spectrum (i.e. TDD), UL and DL BWPs are paired, in which case the centre frequency of both BWPs is required to be the same. One of the BWPs may be defined as default BWP e.g. to facilitate UE battery saving by means of timer-based dynamic switching. In this case UE may fall-back to default BWP after a configured period of inactivity.   
Figure 1 shows the possible NR carrier bandwidths assuming 4K FFT, where each carrier is divided into sub-bands of 20 MHz each. BWP mechanism provides an alternative wideband mechanism when accessing unlicensed spectrum on adjacent 20 MHz channels as it can provide savings in the UE cost with reduced number of RF chains. Single RF chain and FFT processing can be used to access wide bandwidth of e.g. 80 MHz or 160 MHz on 5 GHz or 6 GHz (potential) unlicensed bands. It also improves the trade-off between UE throughput and battery consumption via fast BWP switching, when UE’s RF BW is adapted. 
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Figure 1. Possible NR BWs for 4k FFT and different subcarrier spacings. “20” denotes a 20 MHz channel

Proposal 1: Both Carrier Aggregation and Bandwidth parts are supported to facilitate wideband (>20 MHz) operation for NR-Unlicensed.

3	Challenges in NR-U Wideband Operation 
When operating according to unlicensed band regulations for 5 GHz bands, a gNB must perform LBT before it can start transmitting DL Tx burst in the cell. To meet regulatory requirements and to ensure fair coexistence with other systems, also NR unlicensed should support sub-band LBT at least with 20 MHz resolution. This means that there needs to be sufficient support for adapting the transmission bandwidth dynamically, depending on which of the 20-MHz channels a gNodeB or a UE can access the medium.
Figure 2 shows an example of transmission bandwidth combinations for gNB after sub-band specific LBT. This example assumes 80 MHz bandwidth, and contiguous allocation of 20 MHz sub-bands.
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Figure 2 Exemplary combinations of contiguous transmission BW for gNB, carrier channel BW = 80 MHz, sub-band size = 20 MHz.
In the following, we discuss the challenges related to LBT-dependent transmission bandwidth adaptation both from gNB and UE point of view.

3.1 gNB / Downlink transmission
In Rel-15 NR, gNB was assumed to maintain constant BW, while UE may be instructed to operate on specific part of the gNB BW, i.e. BWP. However, in NR-U, gNB may try to obtain channel access on a wide BW (e.g. 80 MHz) but while performing LBT, the gNB may observe based on sub-band LBT results that it can gain channel access only on a part of the carrier, i.e. only on some of the 20 MHz channels. When operating with a carrier BW of n * 20 MHz and 4k FFT, a gNB may potentially need to adjust its RF settings (centre frequency, analog and/or digital filters, etc.) to meet the regulatory rules defined for the out-of-band emissions. Similar aspects are also relevant to UL/UE operation. We see that these aspects require further study, and especially input from RAN4.
Proposal 2: Request RAN4 to study the feasibility and time scale of changing the gNodeB or UE transmission bandwidth based on e.g. LBT, when operating with a carrier BW of > 20 MHz. Specifically, RAN4 should clarify how fast the transmission bandwidth can be changed without violating any regulations (e.g. out-of-band emissions to neighbouring channels). 
3.2 gNB and UE reception
In unlicensed band operation, the receiving node (gNB or UE) may not know the exact transmission bandwidth applied after LBT. An example of a potential scenario for dynamic BW adaptation is illustrated in Figure 3. The gNB starts initially transmission with a BW of 80 MHz, and wideband LBT. After a while, interference starts to occur on the two lowest 20 MHz sub-bands, and the gNodeB decides to switch to using the two interference-free sub-bands.
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Figure 3 An example of interference avoidance based on dynamic BW adaptation.
 
Although gNB would transmit on a narrower BW than the UE would receive, it does not necessarily require UE to re-tune its RF to the gNB Tx BW for DL reception. However, without RF retuning, UE remains more vulnerable to in-band interference that it receives. On the other hand, it might be difficult if not impossible for UE to perform rapid retuning of its RF at the time when DL transmission from the gNB starts.  
Unless the UE is informed of the changed gNB TX bandwidth, it will potentially receive a significant amount of in-band interference on the two lowest sub-bands that the gNodeB is not using. This may affect UEs reception e.g. due to dynamic range of the A/D conversion and AGC, depending on how strong the in-band interference is. We see that also this aspect should be clarified with RAN4.
Proposal 3: Request RAN4 to study the feasibility of receiving transmissions on one 20 MHz channel, while the receiver BW is n * 20 MHz (2 ≤ n ≤ 4), and other 20 MHz channels may contain interference from other nodes.
Another aspect related to WB operation relates to the UE’s assumption on where PDCCH may be located. Prior to the start of DL transmission, the UE knows only the wide carrier BW (i.e. all sub-bands) on which the gNB may transmit but not the actual transmission BW (TX BW). The UE will therefore try to detect PDCCH from all sub-bands.
In principle, it is possible to distribute the PDCCH CORESETs over all sub-bands, such that there are some PDCCH candidates on each of the sub-bands, bearing in mind the UEs capability to blindly decode PDCCH candidates. On the other hand, if the gNB can only access the channel on e.g. one of the sub-bands, PDCCH capacity on that specific sub-band might be rather limited – this is the case in particular with larger subcarrier spacings, such as 60 kHz, where the number of CCEs become quite limited. Therefore, we see that PDCCH design for NR-U should target at ensuring that sufficient PDCCH capacity is available also when the gNB is able to access only a part of the overall bandwidth, while keeping the UE blind decoding effort on a reasonable level.   
Observation: PDCCH Coreset mapping should allow for efficient operation also in cases when the gNB is able gain access to only a subset of all channels.


3.3 UE / Uplink transmission:
From UL transmission point of view, in addition to points that are common to gNB operation and discussed in Section 3.1, flexible BW operation has certain additional challenges:
· A gNB may share COT only on the sub-bands on which it has acquired channel access. In other words, it may schedule PUSCH with Type 2 LBT only on the sub-bands that it is using in the current DL Tx burst.
· Before starting the UL transmission (with Type 2 LBT), UE may need to further adapt its BW corresponding to the BW of current DL Tx burst or PUSCH allocation. Otherwise, e.g. for a low-cost UE, meeting the out-of band emission mask might not be feasible.

In Bandwidth Part operation according to Rel-15 NR, a UE is not expected to transmit or receive any signals during the BWP switching. For licensed band NR operation, 600/2000 microseconds (faster/slower UEs) is one assumption for BWP transition time, not including potential RRM delay (including e.g. AGC, time/freq sync, channel estimation etc.) following the BWP switch, from which up to 250us (with dependency on center frequency offset) is for RF retuning and the rest is the preparation for retuning, such as e.g. interpretation of dynamic switching command [R4-1803283]. In Rel-15 NR, the transition period is slot boundary aligned; however, it is feasible to perform RF retuning in any part of the slot.  
It should be noted that: 
· slot duration is 250 microseconds with 60 kHz SCS, and 500 microseconds with 30 kHz SCS, respectively. 
· LTE LAA eNB, as wee as WiFi APs and devices may typically run the whole Type 1 LBT procedure on a vacant channel for Channel Access Priority Class 3 traffic in roughly 200 microseconds.  

In other words, for unlicensed operations a 200-microsecond gap in a transmission is quite considerable, during which the acquired channel access may be lost. Clearly such a long gap in transmission is not desirable. 
To support efficient wideband operation, including dynamic bandwidth adaptation, it is important for the gNodeB to know and to be able to control exactly when a UE performs BWP switching, i.e. during which part of the COT a UE may not be able to transmit or receive signals due to BW adaptation. In NR licensed band operation, UE switches its active BWP based on an indication in a DL assignment or an UL grant (DCI format 0_1 and DCI 1_1), or based on RRC signalling. Rel-15 NR supports BWP switching transition times as agreed in RAN1#92: 
Agreements: A UE is not expected to receive DL signals or transmit UL signals during the transition time of active DL or UL BWP switch
· For DCI-based active BWP switch, from RAN1 perspective, the transition time of active DL or UL BWP switch is the time duration from the end of last OFDM symbol of the PDCCH carrying the active BWP switch DCI till the beginning of a slot indicated by K0 in the active DL BWP switch DCI or K2 in the active UL BWP switch DCI
· For timer-based active BWP switch, from RAN1 perspective, the transition time of active DL or UL BWP switch is the time duration from the beginning of the subframe (FR1) or from the beginning of the half-subframe (FR2) immediately after a BWP timer expires till the beginning of a slot UE is able to receive DL signals or transmit UL signals in the default DL BWP for paired spectrum or the default DL or UL BWP for unpaired spectrum

However, this type of switching definition, designed primarily for power-saving purposes, is rather restrictive in an unlicensed band scenario, where many UEs may need to perform switching during the same COT. Constructing continuous transmission under such BWP switching related restrictions complicates scheduling, especially as NR-U cell may serve only few UEs in a COT (due to small cell size). More flexible signalling is desirable to facilitate UE BW adaptation during the DL transmission burst while supporting useful transmission & reception of the signal with only small gaps within the COT. We see that related aspects should be studied in the NR-Unlicensed SI.
Proposal 4: Study enhancements to NR Rel-15 BWP switching mechanisms, to give gNB better control over the timeline for BWP switching.
Moreover, it would be beneficial if the delays associated with BWP switching could be reduced from the current values. One of the aspects affecting the practically achievable BWP transition time is the synchronization accuracy. As an example, in LTE and NR Rel-15, for licensed band operation, synch accuracy of 0.1 ppm is assumed, in contrast to e.g. 20 ppm assumed for current 5 GHz Wi-Fi APs and devices. RAN4 input would be needed to confirm whether looser synchronization requirement for NR could help in reducing the transition times in BWP switching.  
Proposal 5: Request RAN4 input on whether BWP switching could be made faster by allowing for looser synchronization requirements for unlicensed band operation. 


4. Conclusions
In this contribution, we have discussed aspects related to wideband (>20 MHz) operation for NR-U. Based on the discussion, we make the following observations and proposals:
Proposal 1: Both Carrier Aggregation and Bandwidth parts are supported to facilitate wideband (>20 MHz) operation for NR-Unlicensed.
Proposal 2: Request RAN4 to study the feasibility and time scale of changing the gNodeB or UE transmission bandwidth based on e.g. LBT, when operating with a carrier BW of > 20 MHz. Specifically, RAN4 should clarify how fast the transmission bandwidth can be changed without violating any regulations (e.g. out-of-band emissions to neighbouring channels). 
Proposal 3: Request RAN4 to study the feasibility of receiving transmissions on one 20 MHz channel, while the receiver BW is n * 20 MHz (2 ≤ n ≤ 4), and other 20 MHz channels may contain interference from other nodes.
Observation: PDCCH Coreset mapping should allow for efficient operation also in cases when the gNB is able gain access to only a subset of all channels.
Proposal 4: Study enhancements to NR Rel-15 BWP switching mechanisms, to give gNB better control over the timeline 
for BWP switching
Proposal 5: Request RAN4 input on whether BWP switching could be made faster by allowing for looser synchronization requirements for unlicensed band operation. 

Additionally, RAN1 should consider sending to LS related to proposals 2, 3, and 5. 
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