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1. Introduction
A study item proposal on NR-based Access to Unlicensed Spectrum [1] was approved in RAN-75 in March, 2017. In RAN1 meeting #92, it is agreed that [2]:
· The study targets identification of additional functionality needed for a PHY layer design (except channel access procedures) for operation in unlicensed spectrum that may be applicable over a particular frequency range (e.g., sub-7 GHz, 7-52.6 GHz, > 52.6 GHz).
· FFS: The definition of the frequency ranges
· Note: Optimizations for a particular frequency band may be necessary.
· Note: Channel bandwidths below 5 MHz are not targeted

Further agreements are reached in RAN1 meeting #93 [4]:
· 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.
· 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

To ensure fair resource sharing between devices in unlicensed bands of operation, a listen before talk (LBT) protocol is adopted in both Wi-Fi and LTE based LAA/eLAA. With LBT, due to the random nature of the transmission opportunities, implementing schedule based transmission is quite challenging. On the other hand, once a device obtains a transmission opportunity via LBT, the device should transmit as early as possible for efficient channel utilization. For the reasons discussed above, it is important for NR-U to support a flexible frame structure and numerology that enables data transmission with low overhead. To support such flexibility, however, additional signaling overheads and receiver complexity may become an issue in NR-U design. 
In this contribution, we will discuss the issues mentioned above, and provide options for possible solutions.
2. Non-slot based operation and subcarrier spacing for NR-U
NR introduces very flexible frame structure with various subcarrier spacing (SCS) and slot formats (e.g., DL only, UL only and bi-directional slot formats). Furthermore, via the introduction of mini-slot operation, the PDSCH resource allocation is also very flexible and can start from almost every symbol in a slot. In [3], it is already agreed that NR-U supports both Type-A and Type-B mapping as in NR. Based on this agreement, even with the restricted mini-slot lengths of 2-, 4-, or 7-symbols for DL, the PDSCH transmission (without gap) could still start at almost any symbol position if we allow multiple mini-slots to be allocated within a slot. For UL, since the mini-slot length and starting symbol are not restricted in NR, NR-U UL transmission (without gap) could therefore start at any symbol position.
Observation 1: With Type-A and Type-B mapping supported in NR-U, DL and UL transmissions could start at almost any symbol position within a slot.
We next consider possible mappings between Transport Blocks (TB) and slots. Specifically, given a partial slot followed by several full length slots in a COT, we discuss how we should partition the data into TBs, and map them to these slots? Assume the partial slot consists of  OFDM symbols, Figure 1 shows examples of several mapping options we considered with relatively large  (e.g., ).
In option 1, based on the value , we first determine the mini-slot compositions used to “fill up” the partial slot. In our example, we use a 4-symbol mini-slot followed by a 7-symbol mini-slot. We then calculate the TB size corresponding to each mini-slot according to the MCS and the number of OFDM symbols for each corresponding mini-slot. Data is partitioned according to the TB sizes calculated. The TBs are then encoded, and finally mapped onto the corresponding mini-slots. Even though this option is straight forward, and is readily supported in NR, several drawbacks can be observed. First, regarding the partial slot, the data partitioning into TBs and the corresponding code word encoding needs to be updated on the fly based on each attempted LBT outcome. This increased TX complexity is unavoidable in order to meet the timing requirement. Second, since each mini-slot has its own control channel and DMRS, the more mini-slots we use to fill up the partial slot, the less efficient we are due to excessive overheads. Thirdly, if one of the TBs encoded onto any of the mini-slots were to result in a HARQ-NACK on reception then this shortened TB will need to be rescheduled. Presumably this would be done by mapping this shorter TB onto a full slot with excessive redundancy relative to the desired MCS target code rate which would be wasteful of the allocated resources. To alleviate the waste one could argue for carving up the whole slot into same size mini-slots on which the HARQ-NACKed TB was carried, but this simply perpetuates the problem of potential future mini-slot HARQ-NACKs. Finally, for a given code family (either BG1 or BG2) and code rate, a smaller TB would experience extra performance penalty when compared to a larger TB. Worse still the different size TBs might fall either side of the transition values for BG1 or BG2 such that the mini-slot TBs would be encoded with BG1 while the others would be encoded with BG2.
[image: ]
Figure 1: Options for TB to slot mapping when  is relatively large.
In option 2, a TB for the partial slot is prepared assuming a full slot is available. The encoded code word is then rate matched and mapped onto the partial slot. In this case, the effective code rate will be higher than orequal to the MCS target code rate. A specific redundancy version, RV, could be selected for this that is different from RV = 0 on the assumption that this has a high likelihood of failure anyway and would be useful incremental redundancy for in any re-transmission. The value of RV could be chosen differently based of the actual number of symbols used.
Similarly in option 3, a TB for the partial slot is prepared assuming a valid mini-slot length of 2-, 4- or 7- symbols. In the example shown in Figure 1 for option 3 a 7-symbol mini-slot is chosen. The encoded code word is then rate-matched and mapped onto the partial slot. In option 3, the effective code rate will always be lower than or equal to the MCS target code rate.
The TB preparation and code word encoding for the partial slot is done only once for option 2, regardless of the LBT outcome, while for option 3 it is reduced to as many times as the number of supported mini-slot sizes which could be a subset of 2-, 4-, 7- or 14-symbols. Furthermore, both options enjoy reduction in overheads as compared to option 1. Option 3 does not alleviate the problem described in option 1 of how to reschedule the mini-slot TB if it triggers a HARQ-NACK on reception, nor does it eliminate the redundant rebuilds, but it does reduce them. Notice that in option 2 all TBs are of near equal length, therefore rescheduling any of them does not require special treatment.
Observation 2: For the partial slot located at the beginning of a COT, it may be beneficial to consider mapping a single TB onto this partial slot via rate matching, when the number of symbols within this partial slot is relatively large.
When  is relatively small (e.g., ), we also considered 2 mapping options, as shown in Figure 2.
In option 1, the partial slot is filled with a mini-slot of length 4-symbols. This is again a straight forward option, and is readily supported in NR. However, this option inherits all the drawbacks observed in mapping option 1 for large  as described in the previous section.
In option 2, the TB for the partial slot is prepared assuming a full slot is available. We then aggregate the partial slot with the next full slot, and use it to carry the encoded TB, essentially extending the redundancy beyond the MCS target code rate for this TB. Similar to the mapping of option 2 for large , the TB preparation and code word encoding for the aggregated slot is done only once, regardless of the LBT outcome. Furthermore, it has less overhead and enjoys a better decoding performance due to the increased redundancy. Like option 2 for large  as described in the previous section, all TBs are also near equal length.
Observation 3: For the partial slot located at the beginning of a COT, it may be beneficial to consider slot aggregation (partial slot + the next full slot) when the number of symbols within this partial slot is relatively small.
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[bookmark: _Ref521596695]Figure 2: Options for TB to slot mapping when  is relatively small.
Proposal 1: For the partial slot located at the beginning of a COT, NR-U should support flexible TB to slot mapping using techniques such as rate matching and slot aggregation.
Proposal 2: For relatively large M, slot allocations rate-matching (option 2) should be considered otherwise slot aggregation (option 2) should be considered.
We now proceed to do an overhead analysis for various SCS options. As our baseline, in LAA, DL transmission could start at the first or second slot boundary of a subframe. With a subcarrier spacing of 15KHz and assume uniform distribution of the transmission opportunities, the average temporal gap between time of LBT clearance  and time of immediately following slot boundary  is  0.25ms. For a small packet transmission (e.g., 1 sub-frame only, which lasts only 1ms), this means a 25% overhead. Furthermore, to avoid the channel being occupied by other devices in this gap, a reservation signal needs to be transmitted. This further reduces the operation efficiency in terms of power consumption and measured spectral efficiency. Now consider NR with subcarrier spacing of 60KHz. In this case, an OFDM symbol has duration of 17.84us. If the mini-slot feature of NR is enabled, the average temporal gap between time of LBT clearance  and time of the immediately following symbol boundary  is 8.92us. For a 1ms transmission, the overhead is 0.89%, which is nearly 30 times smaller than that of LAA. Table 1 summarizes the overhead analysis for various SCS supported in NR-U. From the table, we can see that larger SCS yields smaller overhead, and the overhead corresponding to small SCS becomes significant as Transmission duration is reduced. Finally, it is worth noting that according to the current LBT specification, a reservation signal may still be needed for SCS of 15KHz and 30KHz in order to prevent other devices from “stealing” the transmission opportunity.
[bookmark: _Ref513647053]Table 1: Overhead Analysis for Various SCS for NR-U Operation
	SCS ()
	Symbol Duration (
	  (
	Overhead (             (assuming 1ms Tx duration)
	Overhead (          (assuming 0.5ms Tx duration)

	15
	71.35
	35.68
	3.57
	7.14

	30
	35.68
	17.84
	1.78
	3.57

	60
	17.84
	8.92
	0.89
	1.78



Observation 4: Larger SCS enjoys less overhead for both DL and UL transmission.
Observation 5: Reservation signal may still be needed for SCS of 15KHz and 30KHz.
Proposal 3: NR-U should consider SCS of 60KHz for DL and UL transmission.
3. Wideband Operation
	Agreement: (RAN1 #93)
· Initial active DL/UL BWP is approximately 20MHz for 5GHz band
· The final value will be quantized to number of PRBs
· Initial active DL/UL BWP is approximately 20MHz for 6GHz band if similar channelization as 5GHz band is used for 6GHz band
· FFS: Initial active DL/UL BWP for other applicable bands, including 60GHz



Both carrier aggregation (CA) and bandwidth part (BWP) adaptation mechanisms are supported in NR for wideband operation. In NR-U, we think both mechanisms should be supported as well since they offer different benefits. With CA, the access channels are not necessarily to be contiguous to each other. But it takes longer time to activate and deactivate a carrier component. BWP is adopted to NR in order to provide more dynamic and efficient control over wideband operation. When UE is in a low activity stage such as idle or inactive modes, UE can stay on a narrowband BWP so that it can save its power significantly. Power saving is very important to UEs. Hence, we think BWP should be adopted to NR-U. Based on the previous agreement, when the absence of Wi-Fi cannot be guaranteed, LBT is operated on a 20MHz bandwidth basis. Consequently, BWP should be configured as integer multiples of 20MHz. Details of BWP configuration for NR-U should be further studied. 
[bookmark: _Ref521417633]Proposal 4: Both CA and BWP operations should be adopted to NR-U for wideband operation.
[bookmark: _Ref521417657]Proposal 5: NR-U should study at least the following aspects for BWP operation: LBT mechanism and BWP configuration for NR-U.
3.1. CORESET monitoring for the channel with wider bandwidth 
In NR, the channel bandwidth can be very large (e.g., 100MHz for sub6 and 400MHz for mmWave). For the channel with wider bandwidth, applying LBT on the whole bandwidth is not efficient. For example, suppose the channel bandwidth is 100 MHz and only part of the channel bandwidth is occupied by other device (e.g., 20 MHz in the channel is busy). Using the whole bandwidth LBT, the gNB cannot perform any transmission even if most of the resources in the channel are free. To improve the spectral efficiency, subband LBT can be used. In RAN1 #92bis, the following agreement was made for the unit of LBT.

	Agreement: (RAN1 #92bis)
· 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.



From the agreement, the LBT unit is 20 MHz for NR-U when absence of Wi-Fi cannot be guaranteed. Although using multiple LBT units for a single channel with wider bandwidth can provide the benefit on spectral efficiency, there is a problem on how to determine the frequency domain resource of the CORESET with the uncertainty of LBT. For example, as shown in Figure 3, suppose the bandwidth of the channel is 80 MHz. To improve spectral efficiency, the LBT is performed for each 20 MHz subband. Suppose three CORESETs are configured for the UE, where CORESET#1 is located in subband #2, CORESET#2 is located in subband #3, and CORESET#3 is located in the union of subband #1, #2, and #3. When the LBT results of subband #2 and 3 are “channel busy”, the PDCCHs cannot be transmitted in neither CORESET#1 nor CORESET #2. For CORESET #3, only part of the frequency resources is available. Thus the PDCCH cannot be transmitted in CORESET #3 if it has large aggregation level or interleaved structure.


[bookmark: _Ref521412471]Figure 3: CORESET for the channel with wider bandwidth
Proposal 6: NR-U should consider the design with multiple LBT units for the channel with wider bandwidth.
To solve the problem that CORESETs may be unavailable for PDCCH transmission, the frequency location of the CORESET should be varied with the results of LBT. That is, the frequency location of the CORESET is changed per TXOP. Figure 4 shows the example of CORESET adaptation. In this example, since subband #2 and #3 are busy, the CORESETs are moved to other subbands. For the current TXOP, CORESET#1 is located in subband #1, CORESET#2 is located in subband #4, and CORESET#3 is located in the union of subband #1 and #4. Since the location of the CORESET is changed per TXOP, it is necessary to have a common understanding between the gNB and UE. For example, UE can determine the location of the CORESET by detecting PDCCH DMRS on all possible subband combinations. However, there are some concerns on using PDCCH DMRS:
· For narrow band PDCCH DMRS, since DMRS only appears in the candidate where PDCCH is transmitted, there is a trade-off between the detection performance and PDCCH blocking rate. For example, assume the aggregation level of the PDCCH is one and the bandwidth of the channel is 20 MHz. In this case only 6*3=18 DMRS REs can be used for detection. Note that in LAA 400 CRS REs can be used for the same channel bandwidth (100 RBs*2 REs per RB*2 OFDM symbols=400 CRS REs). If the aggregation level of the PDCCH is 8, 8*6*3=144 DMRS REs can be used. Although using higher aggregation level can increase the number of DMRS REs, the PDCCH blocking rate will be increased.
· For wideband PDCCH DMRS, there is a trade-off between the detection performance and control overhead. For example, assume the CORESET occupies one OFDM symbol and the SCS is 60kHz. For the 20MHz channel, there are 24*3=72 DMRS RE, which is smaller than the number of CRS REs of LAA for the same channel bandwidth. If the CORESET occupies 3 OFDM symbol, then there can be 24*3*3=216 DMRS REs. However, in this case the overhead of the control channel increases, especially in the initial partial slot. 
· The PDCCH DMRS is hard to carry the assisting information (e.g., COT structure), which can be utilized by the UE. As discussed in [5], if the UE knows the COT structure, it could avoid monitoring slots which do not contain PDCCH (e.g., UL only slots). For UL, knowing the COT structure will allow the UE to prepare for UL transmissions within the COT. 
Observation 6: For narrow band PDCCH DMRS, there is a trade-off between the detection performance and PDCCH blocking rate.
Observation 7: For wideband PDCCH DMRS, there is a trade-off between the detection performance and control overhead.
Observation 8: PDCCH DMRS is hard to carry the COT structure, which can be used to reduce the UE complexity.
[bookmark: _GoBack]
If both narrow band and wideband PDCCH DMRS are supported in NR-U, determining the location of the CORESET by PDCCH DMRS seems not to be the best solution. Another solution is to use the preamble to inform UE the location of the CORESET for the TXOP, wherein the preamble can be designed to have a more robust detection performance.
Proposal 7: The frequency-domain location of the CORESET should be adjusted according to the results of LBT.
· Preamble can be used to indicate the location of the CORESET.


[bookmark: _Ref521419211]Figure 4: CORESET adaption with the results of LBT
4. Conclusion
In summary, we have the following observations:
Observation 1: With Type-A and Type-B mapping supported in NR-U, DL and UL transmissions could start at almost any symbol position within a slot.
Observation 2: For the partial slot located at the beginning of a COT, it may be beneficial to consider mapping a single TB onto this partial slot via rate matching, when the number of symbols within this partial slot is relatively large.
Observation 3: For the partial slot located at the beginning of a COT, it may be beneficial to consider slot aggregation (partial slot + the next full slot) when the number of symbols within this partial slot is relatively small.
Observation 4: Larger SCS enjoys less overhead for both DL and UL transmission.
Observation 5: Reservation signal may still be needed for SCS of 15KHz and 30KHz.
Observation 6: For narrow band PDCCH DMRS, there is a trade-off between the detection performance and PDCCH blocking rate.
Observation 7: For wideband PDCCH DMRS, there is a trade-off between the detection performance and control overhead.
Observation 8: PDCCH DMRS is hard to carry the COT structure, which can be used to reduce the UE complexity.

Based on these observations, we propose that
Proposal 1: For the partial slot located at the beginning of a COT, NR-U should support flexible TB to slot mapping using techniques such as rate matching and slot aggregation.
Proposal 2: For relatively large M, slot allocations rate-matching (option 2) should be considered otherwise slot aggregation (option 2) should be considered.
Proposal 3: NR-U should consider SCS of 60KHz for DL and UL transmission.
Proposal 4: Both CA and BWP operations should be adopted to NR-U for wideband operation.
Proposal 5: NR-U should study at least the following aspects for BWP operation: LBT mechanism and BWP configuration for NR-U.
Proposal 6: NR-U should consider the design with multiple LBT units for the channel with wider bandwidth.
Proposal 7: The frequency-domain location of the CORESET should be adjusted according to the results of LBT.
· Preamble can be used to indicate the location of the CORESET.
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