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1. Introduction
The work item proposal for NR-based Access to Unlicensed Spectrum was approved in RAN-82 in December, 2018 [1]. For DL signals and channels for NR-U operation, the work item objectives have also been identified [1]:
· For DL data channel, support of multiple PDSCH starting positions.
· [bookmark: _Hlk532422148]Mechanism to detect a gNB’s transmission burst in line with the TR 38.889 [2], Section 7.2.1.2 related to UE power consumption.
· DL control in line with the agreements during the study phase (TR 38.889 [2], Section 7.2.1.2) including extensions allowing dynamic change of the time domain instances in which the UE is expected to receive PDCCH, modifications enabling DRS transmissions without gaps in the time-domain, and indication of time domain COT structure.
In this contribution, we will first discuss the impact on PDSCH in order to support flexible transmission starting point due to LBT. We then discuss the impact on PDCCH monitoring, identifying the additional difficulties and challenges introduced by LBT. Finally, we discuss methods for gNB transmission burst detection, and how they could be used to enhance PDCCH monitoring and to achieve UE power saving.
2. PDSCH Transmission for NR-U Operation
In this section, we discuss 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. We start by showing example figures of the various options listed in [2].
Before the gNB can transmit a TB it first needs to 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. LBT success can occur at any time, therefore, this process needs to be done ahead of time by the gNB so that it may immediately start transmitting. This implies that the time at which LBT may succeed is completely unknown to the gNB, and the gNB needs to be ready to transmit regardless of how many symbols that may be left in a partial slot. Unless the size of initial transmit is known a-priori, the gNB will need to continuously re-build different TB and or mini-slot combinations while it waits for access to the channel(s). As stated in [2], it is beneficial to try to avoid this behavior.
In the following, we will first discuss the currently agreed upon options 1-3 from [2] and then we will discuss these options 1-4 in combination with each other.
The hopefully immediately obvious concern with Option 1 as shown in Figure 1 is that it appears to violate the spirit of the agreement from [2] such that “not requiring the gNB to change a pre-determined TBS for a PDSCH transmission depending on the LBT outcome”. Another lesser concern is with the use of multiple mini-slots to fill the entire partial slot allocation. With each mini-slot comes significant PDCCH and DMRS overhead to support the reception of this by the UE. Likewise, this does not completely mitigate the requirement for a reservation signal since certain partial slot sizes cannot be built from the currently agreed mini-slot sizes of 2-, 4- or 7-symbols. For example a 1-, 3- or 5-symbol partial slot will still need a 1-symbol reservation signal. This will lower the potential throughput that can be achieved. There is also a concern over the fact that if one of the min-slots from the partial slot were to fail their integrity check at the UE upon reception and therefore would need re-transmitting. 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 to make space for a HARQ re-transmission of this failed initial mini-slot TB. This problem then perpetuates as there is equal or greater likelihood of these new mini-slot TBs from the full slot also failing, Re-transmission of mini-slots in this way also reduces the gNB scheduling flexibility. Finally, for a given code family (either BG1 or BG2) and code rate, a smaller TB carried in a mini-slot would experience extra performance penalty when compared to the larger TB carried on subsequent full slots. Worse still the different size TBs might fall either side of the transition values for LDPC BG1 or LDPC BG2 such that the mini-slot TBs would be encoded with LDPC BG1 while the others would be encoded with LDPC BG2.
Observation 1: Type-A and Type-B slot lengths together are insufficient to cover every possible partial slot length immediately following a successful LBT. 1-, 3- or 5-symbol partial slots will still need a 1-symbol reservation signal.
[image: ]
[bookmark: _Ref528680646]Figure 1 Option 1: PDSCH(s) as in Rel-15 NR
Next we provide a discussion on Option 2 of the agreement from [2]. This can be seen in Figure 2.
Again, the concern with Option 2 as shown in Figure 2 is that there will be an almost certain need for a re-transmission of the first and last TB of the COT as some CBs are either heavily or completely punctured away. Some of this punctured loss can be mitigated by the use of re-transmissions of code block groups (CBGs), however, CBG signaling is not a mandatory option and therefore may not be utilized, in which case the entire TB will need re-transmission, even the CBs that were actually transmitted and more than likely also been decoded correctly, leading to wasted utilization of the available resources and a reduced throughput user experience. Secondly, CBG will only realistically be used for very large TBs meaning that re-transmission of entire smaller TBs is again an almost certainty. There is a small chance that lightly punctured very small TBs (that are not segmented into multiple CBs because of their size) might be recovered by channel coding. However, this is very quickly eroded by the fact that systematic LDPC information is carried on higher likelihood constellation points and therefore spread across the entire CB RE mapping, implying that puncturing even a small number of OFDM symbols will also lead to puncturing of systematic information. All of this together implies that TBs punctured in this way will not in all likelihood ever be self-contained within a single COT.
Next we provide a discussion on Option 3 of the agreement from [2]. This can be seen in Figure 3.
The hopefully immediately obvious concern with Option 3 as shown in Figure 3 is that it appears to also violate the spirit of the agreement in [2] of “not requiring the gNB to change a pre-determined TBS for a PDSCH transmission depending on the LBT outcome”. It does mitigate the excessive PDCCH and DMRS overhead seen in Option 1 since there would now be only a single mini-slot spanning the entire partial slot. There would also not be any need for a reservation signal. However, the issue of how to facilitate the re-transmission of a mini-slot mentioned in Option 1 still remains with Option 3.
Since it was agreed that the proposed options from the agreement are not considered mutually exclusive we now propose some combinations of these options that serve to address some of the concern previously listed.
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[bookmark: _Ref528681214]Figure 2 Option 2: Puncture in place (at the beginning) or puncture at the end
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[bookmark: _Ref528682242]Figure 3 Option 3: PDSCH mapping type B with durations other than 2/4/7 symbols
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[bookmark: _Ref528685221]Figure 4 Option 1 + Option 2 + Option 3 + Option 4: NR rate-match to fit, with slot aggregation if CR too high
First we present an option that utilizes NR channel coding rate-matching to achieve partial slot full utilization, as shown in Figure 4. This should not be confused with puncturing, even though it is effectively also implementing puncturing, the difference between the two being what information is punctured. This can be considered a combination of all the proposed options since it a) uses NR rate-matching which b) could include puncturing. It c) utilizes the full partial slot as if it were a full slot and d) aggregates this with neighboring full slots if the partial slot is too small to achieve a sensible CR. One can consider this option as borrowing bit positions from one end of the COT to pad out bit positions at the other end of the COT. In this option 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 the case of no slot aggregation, as shown at the beginning of the COT, the effective code rate will be higher than or equal to the MCS target code rate. If this effective code rate become too high, it might be better to consider aggregating this partial slot with the next full slot. Depending on the starting CR as defined by the MCS, one may be required to aggregate partial slots and full slots at both ends of the COT. 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. The advantage of this option is that TB size selection and encoding into HARQ buffers need only be done once, however, constellation mapping and resource mapping will still need to be done on-the-fly. The other added advantage of this option is all TBs would be of near equal size, therefore rescheduling any of them would not require special treatment, unlike would be the case for any mini-slot re-transmission as described for Option 1.
[image: ]
Figure 5 Option 3 + Option 4: Full slot first, mini-slot next
Next we consider an option that always transmits one full slot first, directly after a successful LBT, followed by a Type-B mini-slot in the next slot to fill up any remaining partial slot. This can be considered a combination of Option 3 and Option 4 since a) it uses any length mini-slots b) it spans an initial slot boundary. Another way to visualize this would be to temporarily shift the frame timing (only from the perspective of the PDSCH) of the transmission only to re-align it in the subsequent frame. This has the benefit that the gNB needs to build the first full slot just once, in advance, and then has this entire full slot worth of time to build any desired partial slot, once the length becomes known after LBT success. This option alleviates any need for on-the-fly preparation of a slot or mini-slot to be transmitted, including that of constellation mapping and resource mapping.
[image: ]
[bookmark: _Ref528848413]Figure 6 Option 1 + Option 2 + Option 3 + Option 4: Full slot first, NR rate-matching next
Lastly we consider the option of combining the two previous options discussed. This is shown in Figure 6. First a full slot of transmission is prepared and mapped onto the channel as soon as LBT passes. This first full slot will in all but the slot aligned case, span a slot boundary. Next the remaining partial slot now in the second (full) slot of the COT is transmitted using NR channel-coding rate-matching. It is essentially the same as the option shown in Figure 4, except the NR channel coding rate-matched partial slot is moved to after one full slot of transmission has occurred, i.e. we swap the position of the first full slot and the partial slot. It can also be considered a combination of all the proposed options since it a) uses NR rate-matching which b) could include puncturing. It c) utilizes the full partial slot as if it were a full slot and d) aggregates this with neighboring full slots if the partial slot is too small to achieve a sensible CR. One can again consider this option as borrowing bit positions from one end of the COT to pad out bit positions at the other end of the COT. In this option a TB for the partial slot, now in the second slot of the COT, is prepared assuming a full slot is available. The encoded code word is then rate-matched and mapped onto the partial slot. In the case of no slot aggregation, the effective code rate will be higher than or equal to the MCS target code rate. If this effective code rate become too high, it might be better to consider aggregating this partial slot with the next full slot. Depending on the starting CR as defined by the MCS, one may be required to aggregate partial and full slots at both ends of the COT. 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. This option does, however, alleviate the concern with the option described in Figure 4 where the gNB would still need to rebuild the OFDM symbol on-the-fly from constellation mapping onwards. Here there would no need to on-the-fly rebuild and an entire OFDM symbol can be prepared ahead of time before LBT outcomes are known, and then has this entire full slot worth of time to build any desired partial slot, once the length becomes known after LBT success.
Observation 2: NR rate-matching, slot aggregation and full slot first all help alleviate the concerns with Option 1, Option 2 and Option 3.
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.
Below we present a table of all the options discussed above highlighting the disadvantages we observe with each presented option. Where the option applies to a single option from the agreement from [2], this option is parenthesized in the title. It is worth highlighting in green that on-the-fly transmission rebuild was agreed in [2] as something to strive to avoid. If there is any opportunity to down-select then options that violate this should be the obvious candidates to eliminate first.
Proposal 1: For the partial slot located at the beginning of a COT, NR-U should support any length partial slot allocation to a mini-slot for flexible TB to slot mapping using techniques such as NR rate matching and slot aggregation.
Proposal 2: To alleviate the need for any on-the-fly rebuilding of the initial transmission at the beginning of a COT after LBT success, always proceed with a full 14-symbol slot transmission first, followed by an NR rate-matched partial slot that may or may not be aggregated with the slot directly after the partial slot.
When considering LBT in conjunction with BWP and the unpredictable outcomes from LBT across multiple CAs, the same issues of possible TB rebuilding will apply and therefore need to be considered. TB construction will need to be flexible enough to account for possible CA loss within a BWP due to LBT failure. This is further exacerbated by the need to leave a guard band at the edge of every CA where LBT fails, implying further uncertainty in the ultimate size of a TB on initial transmission within a COT. This is discussed further in our companion submission [3]h.


Table 1: Disadvantages of various options
	Option
	Tx rebuild
	HARQ re-Tx in next COT
	Needs reservation signal
	Mini-slot re-Tx
	Higher PDCCH overhead
	Coding with diff LDPC BG
	CR won’t match MCS
	Lowered T-put
	Spec change

	NR mini-slots (1)
	X
	
	X
	X
	X
	possible
	
	X
	

	Puncture first (2)
	
	X
	
	
	
	
	
	X
	X

	Puncture last (2)
	
	X
	
	
	
	
	
	X
	X

	(3) More mini-slots
	X
	
	
	X
	
	possible
	
	
	X

	NR rate match
	Constellation map onwards
	
	
	
	
	
	X
	
	X

	Full slot first, mini
	
	
	
	X
	
	possible
	
	
	X

	Full slot first, RM
	
	
	
	
	
	
	X
	
	X


[bookmark: _GoBack]
3. PDCCH Monitoring for NR-U Operation
In order to support flexible transmission starting point of the PDSCH as described in the previous section, the corresponding PDCCH monitoring procedure also needs to be modified accordingly. Specifically, for NR-U operation, it is agreed that dynamic PDCCH monitoring should be supported [1]. The PDCCH monitoring behavior could be defined for the following 3 mutually disjoint scenarios:
1. PDCCH monitoring outside of a gNB initiated COT.
2. PDCCH monitoring for a non-slot-boundary-aligned PDSCH allocation within a gNB initiated COT.
3. PDCCH monitoring for a slot-boundary-aligned PDSCH allocation within a gNB initiated COT.
For NR-U operation, it is clear that a PDCCH transmission will always be within a gNB initiated COT. This implies that for scenario 1 listed above, PDCCH monitoring is unnecessary, and we have the following proposal:
Proposal 3: PDCCH monitoring for NR-U is only performed within a gNB initiated COT.
As discussed in the previous section, there are multiple proposals for possible PDSCH allocations within a COT. Regardless of the differences between these proposals, we can always partition the PDSCH allocations within a COT into two categories, namely, non-slot-boundary-aligned PDSCH allocation and slot-boundary-aligned PDSCH allocation. As suggested by its name, a slot-boundary-aligned PDSCH allocation is a typical NR PDSCH allocation that is aligned with the slot boundary (i.e., NR slot based scheduling), while all other allocation types belongs to non-slot-boundary-aligned PDSCH allocation (including non-slot based scheduling as defined in NR). 
When performing PDCCH monitoring within a COT, it is assumed that the UE has detected the starting point of the COT. In such case, for slot-boundary-aligned PDSCH allocations, the corresponding PDCCH allocation (and monitoring) should follow the current NR design. For non-slot-boundary-aligned PDSCH, PDCCH allocation (and monitoring) would need further considerations. One possible option is to use PDCCH allocation (and monitoring) similar to the ones used for NR non-slot based scheduling (i.e., mini-slot).
Proposal 4: PDCCH monitoring for slot-boundary-aligned PDSCH allocation and non-slot-boundary-aligned PDSCH allocation should be considered separately.
4. DL Transmission Burst Detection
In order to reduce UE power consumption and PDCCH monitoring complexity (as stated in the previous section), it is necessary to define a signal (i.e., the initial signal) for an UE to identify the starting point of a DL transmission burst (i.e., gNB initiated COT). Regarding design of the initial signal, several proposals have been studied during the study item phase, including [2]:
Option 1: existing NR signal(s) with potential enhancement(s)
Option 2: a channel such as PDCCH with potential enhancement(s)  
Option 3: the 802.11a/802.11ax preamble with potential enhancement(s)
For option 2, the UE detection complexity is in general much higher than that of the other two options. Specifically, compared to sequence based correlation detection, PDCCH decoding involves a more complicated Polar Code decoding, together with multiple blind decoding attempts depending on search space configurations. This leads to more power consumption and more PDCCH monitoring complexity for the NR-U UE operation.
For option3, even though the 802.11a/802.11ax preamble is in theory a sequence that allows efficient detection, it is not clear how it could be integrated into the existing NR framework. Furthermore, since the design of this preamble does not take existing NR signals into account (e.g., NR PSS or SSS or PDCCH DMRS), it may exhibits performance issues (e.g., bad trade-offs between detection rate and false alarm rate) during NR-U operations.
For option1, there are several candidates that can be used as an initial signal. Examples include NR PSS and NR PDCCH DMRS. Each candidate has its pros and cons when serving as an initial signal. It is therefore necessary to conduct a performance comparison between these candidates, such that their trade-offs could be quantified and better understood.  
[bookmark: _Ref528930857]Observation 4: PDCCH is not suitable for transmission burst detection due to high UE detection complexity.
Proposal 5: Initial signal for DL transmission burst detection should be sequence based signal that allows low detection complexity.
Proposal 6: Performance comparisons between initial signal candidates should be evaluated. Performance metrics should include detection rate, false alarm rate, detection complexity, and UE power consumption.	
5. Conclusion
In summary, we have the following observations:
Observation 1: Type-A and Type-B slot lengths together are insufficient to cover every possible partial slot length immediately following a successful LBT. 1-, 3- or 5-symbol partial slots will still need a 1-symbol reservation signal.
Observation 2: NR rate-matching, slot aggregation and full slot first all help alleviate the concerns with Option 1, Option 2 and Option 3.
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: PDCCH is not suitable for transmission burst detection due to high UE detection complexity.
Based on the observations, we propose that
Proposal 1: For the partial slot located at the beginning of a COT, NR-U should support any length partial slot allocation to a mini-slot for flexible TB to slot mapping using techniques such as NR rate matching and slot aggregation.
Proposal 2: To alleviate the need for any on-the-fly rebuilding of the initial transmission at the beginning of a COT after LBT success, always proceed with a full 14-symbol slot transmission first, followed by an NR rate-matched partial slot that may or may not be aggregated with the slot directly after the partial slot.
Proposal 3: PDCCH monitoring for NR-U is only performed within a gNB initiated COT.
Proposal 4: PDCCH monitoring for slot-boundary-aligned PDSCH allocation and non-slot-boundary-aligned PDSCH allocation should be considered separately.
Proposal 5: Initial signal for DL transmission burst detection should be sequence based signal that allows low detection complexity.
Proposal 6: Performance comparisons between initial signal candidates should be evaluated. Performance metrics should include detection rate, false alarm rate, detection complexity, and UE power consumption.
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