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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.
PDSCH Transmission for NR-U Operation
Given the uncertainty created by LBT in shared spectrum where devices are forced to periodically compete for frequency resources with uncertain outcomes resulting in uncertain starting times it would be convenient to remove all uncertainty related to the starting time of any one COT. This was already agreed at least with regards to TBS for PDSCH in [2]. It would be convenient if this agreement would be extended to all aspects of starting a new COT, including DMRS and PDCCH positioning and timing.
TB mapping onto PDSCH for the initial transmission within a COT
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 already agreed options listed in [2] and then we will discuss these options 1-4 in combination with each other.
It has been discussed offline whether NR-U should adjust its adaptivity alignment such that the end of any LBT procedure aligns with a certain symbol boundary. This implies in most cases inserting a longer than required by ETSI regulations pause before progressing with its prioritization period followed by its random back-off period. The length of the additional pause will depend both on the sub-carrier spacing (SCS) and the desired symbol boundary to align to. We present results for this in our companion contribution [6], the summary of which is that NR-U symbol alignment of adaptivity is not a good proposal. We repeat only the proposal from [6] here.
[bookmark: Proposal_partial_0]Proposal 1: Start the LBT procedure as per the ETSI BRAN regulations and use a cyclic prefix extension of fractional symbol length, based on active SCS, to bring the COT to symbol alignment. The maximum length of such an extension signal should be less than 78.428us.
Option 1: PDSCH(s) as in Rel-15 NR
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 Resource Elements (RE)s allocated for each corresponding mini-slot. Data is then 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). An example of Option 1 can be seen in Figure 1. As already agreed in [2], it is beneficial to try to avoid this behavior so the obvious concern with Option 1 in is that it appears to violate the spirit of the agreement of  “not requiring the gNB to change a pre-determined TBS for a PDSCH transmission depending on the LBT outcome”.
[bookmark: Observation_option1_1]Observation 1: Option 1 using rebuilding TBs on-the-fly violates the agreements of [2].
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[bookmark: _Ref528680646]Figure 1: Option 1 - PDSCH(s) as in Rel-15 NR
Building a plural of necessary different TB sizes to satisfy all the different mini-slot combinations ahead of time has been suggested as a way to mitigate changing a pre-determined TBS. One suggested approach has been to build any one of the sets {2, 4, 4, 4, 7}, {2,4,4,4,7,14}, {2,2,2,2,2,2,2}, {2,2,2,2,2,2,14}, {4,4,4} or {4,4,4,14} of symbol lengths to TBs mappings. Note that not all of these will actually be used. In fact in worst case {2, 4, 4, 4, 7}, {2,4,4,4,7,14}, {4,4,4} or {4,4,4,14} choices will only use at most 3 of the relevant set in PDSCHs of a partial- or full-slot, while {2,2,2,2,2,2,2} in worst case will actually use all 7 of these in PDSCHs of a partial- or full-slot and {2,2,2,2,2,2,14} in worst case will use 6 of these in PDSCHs of a partial- or full-slot.
This highlights another concern with option 1 in that the UE would be expected to decode multiple PDSCH’s in excess of its NR capability, unless the gNB targeted different UEs which makes the assumption that more than one active UE existed at the time. This may not be the case and in fact in NR-U, likely not the case a lot of time.
[bookmark: Observation_option1_2]Observation 2: Option 1 will force an increase in the capability of a lower class of UE to decode a plurality of PDSCHs.
This proposal does not address what to do with the TBs that were built but never transmitted. Some may suggest that these TBs can simply be placed back in the pre-HARQ buffer queue to be drawn at a later time. However, this in itself is also in violation 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”. This notwithstanding, there is currently no mechanism within the MAC layer to achieve this behavior. A diagram of the problem is illustrated in Figure 2 If the TBs are of different sizes and they were not all used, it is completely unclear how this would ever be possible since data in the queue would become out of order. At least with matching TB sizes the HARQ buffer queue pointer could simply be reverted back to the ending position of the last transmitted TB and then built as likely different sized TBs in the next available slot. One could take the approach that all untransmitted TBs could be held as is and carried over to the next slot where they will be transmitted in the remaining slots of the COT. This will complicate the gNB scheduler. This is also not how the scheduler is defined to work. Scheduler RE allocations are supposed to decide initial TBSs as defined in [5] Section 5.1.3.2 not the other way around, which will be the case in any subsequent slot if this is what is done. Also, the problem with this is the remainder of the COT is largely full-slots and likely also wideband, so these TBSs won’t necessarily fit well with the desired RE allocations to UEs that the gNB would like to schedule. This will result in inefficient use by the gNB of the available resources and also further complicate the gNB scheduler (refer the 4th paragraph below).
[image: ]
[bookmark: _Ref4760360]Figure 2: HARQ buffer queue and untransmitted TBs built ahead of time using different data
[bookmark: Observation_option1_3]Observation 3: Option 1 building TB ahead of time will complicate the gNB scheduler by forcing it to reabsorb untransmitted TBs or to schedule RE allocations based on previously determined TBSs of untransmitted TBs.
Another point to note is that building these combinations ahead of time only works if the min-slot RE allocation does not change based on its position within a slot. If it does, then this will adversely impact the decodability of any mini-slot PDSCH which ends up with a reduced allocation.
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. More details of this can be found in Section 2.5 below. 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 ned a 1-symbol reservation signal. This will lower the potential throughput that can be achieved. Limiting the mini-slot sizes to all be 2-symbol or all be 4-symbol mini-slots will further increase this reservation signal overhead.
[bookmark: Observation_option1_4]Observation 4: Option 1 using currently defined NR Type-A and Type-B slot lengths together are insufficient to cover every possible partial-slot length immediately following a successful LBT procedure. 1-, 3- or 5-symbol partial-slots will also still need at least a 1-symbol reservation signal. Using all same-sized mini-slots of either 2- or 4- symbol lengths will further increase the reservation signal overhead.
There is also a concern over the fact that if one of the min-slots from the partial-slot will fail their integrity check at the UE upon reception with approximately 10% likelihood and therefore would need re-transmitting. This is normal intended behavior, but the problem is how one should map the failed TB in subsequent slots. 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 a subsequent 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. This same concern applies to the TBs that would be built ahead of time and then held by the gNB scheduler.
[bookmark: Observation_option1_5]Observation 5: Option 1 will generate a significant count of min-slots which, if failed over the air, will need re-transmission (presumably as further mini-slots) in subsequent full-slots, making inefficient use of subsequent full-slots.
[bookmark: Observation_option1_6]Observation 6: Option 1 will generate significant overhead from excessive use of mini-slots needing accompanying PDCCH and DMRS, resulting is lowered throughput.
Option 2: Punctured PDSCH depending on LBT outcome
Next we provide a discussion on Option 2 of the agreement from [2]. This can be seen in Figure 3.
Again, the concern with Option 2 as shown in Figure 3 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.
[bookmark: Observation_option2_1]Observation 7: Viability of Option 2 relies to HARQ Code Bock Groups (CBG) mitigation measures which is an optional NR feature. Adopting option 2 will make CBG mandatory.
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.
[bookmark: Observation_option2_2]Observation 8: Option 2 indiscriminately punctures LDPC systematic information which has been shown to be very harmful to the decodability of the resulting code blocks, thus lowering the throughput of initial partial-slot transmissions.
When the mapping of TB to CB is one-to-one, CBG cannot mitigate the need for an entire HARQ re-transmission of the TB, while for small numbers of CBs the symbol to CB mapping will also be too course to enable CBG to mitigate the effects of puncturing very well. Only when the number of CBs becomes larger does mitigation actually help. There is a maximum of 8 CBGs (4 in SU-MIMO) specified in NR, which one could argue is still too course a mapping to cover 14 symbols of uncertainty. CBs will almost never align with symbol boundaries implying that missing symbols will almost always affect multiple CBs and therefore also possibly CBGs.
[bookmark: Observation_option2_3]Observation 9: Option 2 mandates re-transmissions using imperfect HARQ re-transmissions which results in unnecessary retransmission of certain bits in a CB, thus lowering the throughput though inefficient use of the channel resources available.
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[bookmark: _Ref528681214]Figure 3: Option 2 - Puncture in place (at the beginning) or puncture at the end
Option 3: PDSCH mapping type B with durations other than 2/4/7 symbols
Next we provide a discussion on Option 3 of the agreement from [2]. This can be seen in Figure 4.
The hopefully immediately obvious concern with Option 3 as shown in Figure 4 is that it, like Option 1, also violates 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”. In fact, by design, Option 3 mandates building TBs on-th-fly, unless the gNB builds one TB of every size covering a 1…14 symbol slot allocation for each UE that it serves. If 14 TBs are built ahead of time the same concerns as highlighted in option 1 as to what to then do with the untransmitted TBs.
[bookmark: Observation_option3_1]Observation 10: Option 3 either mandates on-the-fly rebuilds of TBs or for the building of 14 different TBs ahead of time.
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.
[bookmark: Observation_option3_2]Observation 11: Option 3 will generate a min-slot which, if failed over the air, will need re-transmission (presumably as a further mini-slot) in subsequent full-slots, making inefficient use of subsequent full-slots.
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[bookmark: _Ref528682242]Figure 4: Option 3 - PDSCH mapping type B with durations other than 2/4/7 symbols
Option 4: PDSCH across slot boundary
Option 4 is not an option in its own right and would always be combined with other options to provide a viable complete solution. If option 4 were to be accepted, it will always require elements from the other agreed options to be viable.
For example, simply choosing a full-slot or fixed length mini-slot PDSCH that will always be transmitted first, immediately following a successful LBT procedure and regardless of slot boundary, does not address what to do with any remaining symbols in whatever slot this fixed symbol length PDSCH ends. This fixed symbol length PDSCH may or may not have crossed a slot boundary, depending on chosen fixed length and initial start position. All these possibilities need consideration.
[bookmark: Observation_option4]Observation 12: Option 4 alone is insufficient to fully handle the initial partial-slot after a successful LBT procedure. It will always be in conjunction with elements from the other options 1, 2 and/or 3.
Combined Option: NR rate-match a full-slot into a mini-slot of arbitrary length, with possible aggregation
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 concerns previously listed.
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[bookmark: _Ref528685221]Figure 5: 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 5. 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 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 the case of any mini-slot re-transmission as described for Option 1.
A major additional advantage of this proposal is that it only incurs a single PDSCH transmission per full-slot or partial-slot.
Combined Option: Full-slot first followed by a NR rate-matched full-slot to mini-slot of arbitrary length
Next 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 5, except the NR channel coding rate-matched partial-slot is moved to after one full-slot of transmission has occurred, i.e. we propose to swap the position of the first full-slot and the partial-slot.
[image: ]
[bookmark: _Ref4595895]Figure 6: Option 1 + Option 2 + Option 3 + Option 4 - Full-slot first, NR rate-matched full-slot to mini-slot next
It should be noted that there are other proposals similar to full-slot first of either a 2-symbol or a 4-symbol mini-slot first. Many of the advantages described here would equally apply in those proposals too and vice versa. Within the 2-symbol and 4-symbol proposals some are also proposing allowing a PDSCH slot to cross the slot boundary.
Thus full-slot first combined option 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 5 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.
A major additional advantage of this proposal is that it only incurs a single PDSCH transmission per full-slot or partial-slot.
Combined Option: Full-slot first followed by a truncated full-slot of arbitrary length
Next we consider an option that always transmits one full-slot first, directly after a successful LBT procedure, followed by a truncated Type-A partial-slot in the next slot to fill up any remaining partial-slot. This would be done by choosing the appropriate SLIV parameters. This can be considered a combination of Option 1 and Option 4 since a) it uses any NR defined full-slots length b) it spans an initial slot boundary with a full-slot first, and it may need further aggregation of the partial-slot with a subsequent full-slot if the partial-slot was less than a 3-symbol duration partial-slot as no such type-A slot exist of that duration.
Another way to visualize this would be to temporarily shift the slot timing (only from the perspective of the PDSCH) of the initial partial-slot transmission only to re-align after the end of the subsequent full-slot transmission.
[image: ]
Figure 7: Option 1 + Option 4 - Full-slot first, truncated full-slot next
This has the benefit that the gNB only needs to build the first full slot 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 or ahead of time OFDM symbol preparation of multiple different slot/mini-slots (TBs) to be transmitted, including that of the processes of channel coding, constellation mapping and resource mapping.
A major additional advantage of this proposal is that it only incurs a single PDSCH transmission per full-slot or partial-slot.
Combined Option: Full-slot first followed by a mini-slot of arbitrary length
Lastly we consider an option that always transmits one full-slot first, directly after a successful LBT procedure, 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 slot timing (only from the perspective of the PDSCH) of the initial partial-slot transmission only to re-align it at the start of the subsequent full-slot transmission.
[image: ]
[bookmark: _Ref4678464][bookmark: _Ref4678451]Figure 8: Option 1 + Option 3 + Option 4 - Full-slot first, mini-slot next
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 or ahead of time OFDM symbol preparation of multiple different slot/mini-slots (TBs) to be transmitted, including that of the processes of channel coding, constellation mapping and resource mapping.
[bookmark: Observation_combined_1]A major additional advantage of this proposal is that it only incurs a single PDSCH transmission per full-slot or partial-slot.
Observation 13: NR rate-matching, slot aggregation and full-slot first all help alleviate the concerns with Option 1, Option 2 and Option 3.
Partial-slot at the end of a COT
Given that COT sizes are defined in multiples of 2ms, this alone will dictate that for every partial-slot at the start of a COT will most likely also result is a partial-slot at the end of a COT. This, coupled with any required symbol alignment reservation signals and preambles that might be required, may also mean that the two partial slots at either end of the COT might not combine to be a complementary full-slot.
Many of the same principles that are suggested to be applied to the beginning of the COT’s partial-slot can equally apply to the partial-slot at the end of the COT. Specifically, when only a single symbol remains as a COT ending partial-slot, then aggregating this symbol with the previous full-slot may have benefit as it is unlikely useful for anything else in its own right given the DMRS overhead of a mini-slot. One could extend this to small symbol counts in ending partial-slots too.
The COT ending partial-slot could also be considered a mini-slot of any size (i.e. Option 3) for PDSCH transmission or it could be considered a truncated full-slot of any size by manipulating the SLIV parameters. However, truncated full-slots of less than 3- symbol duration are not possible. Switching to a 2-symbol mini-slot of type B PDSCH can only alleviate the 2-ymbol partial-slot case, but not the single-symbol partial slot case.
[bookmark: Observation_combined_2]Observation 14: For a partial-slot less than 3 symbols in length, it may be beneficial to consider slot aggregation (partial-slot + the next full-slot at COT start/the previous full-slot at COT end).
Summary of options
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. This would imply down-selection to at least remove Option 1 and accept that something does need to be done to fix the initial partial-slot problem.
[bookmark: Proposal_partial_1]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.
[bookmark: Proposal_partial_2]Proposal 3: For the partial-slot located near the beginning of a COT, NR-U should support any length full-slot allocation or any length mini-slot allocation for flexible TB to slot mapping using techniques such as NR rate matching and slot aggregation.
[bookmark: Proposal_partial_3]Proposal 4: Down-select by removing Option 1 and accept that something does need to be done to fix the initial partial-slot problem.
[bookmark: _Ref1134682]Table 1: Disadvantages of various options
	Option
	Tx rebuild
	HARQ re-Tx in next COT
	Needs reservation signal
	Large PDSCH per slot count
	Needs CBG
	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
	X
	possible
	
	X
	

	Puncture first (2)
	
	X
	
	
	X
	
	
	
	X
	X
	X

	Puncture last (2)
	
	X
	
	
	X
	
	
	
	X
	X
	X

	(3) More mini-slots
	X
	
	
	
	
	X
	
	possible
	
	
	X

	NR rate match
	Constellation map onwards
	
	
	
	
	
	
	
	X
	
	X

	Full-slot first, 1+2+3+4
	
	
	
	
	
	
	
	
	X
	
	X

	Full-slot first, 1+4
	
	
	
	
	
	X
	
	possible
	
	
	X

	Full-slot first, 1+3+4
	
	
	
	
	
	X
	
	possible
	
	
	X



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].
PDSCH DMRS for initial and partial-slots
Given the uncertainty created by LBT in shared spectrum where devices are forced to periodically compete for frequency resources with uncertain outcomes resulting in uncertain starting times it would be convenient to remove all uncertainty related to the starting time of any one COT. The main issue with NR DMRS for PDSCH is that it should be configured to only appear in certain pre-defined slot locations, as detailed in [4] section 7.4.1.1. A secondary issue with DMRS is with the initialisation of the gold sequence used to generate the DMRS signal, which relies on both symbol and slot time.

Both of these PDSCH DMRS issues would be alleviated if in NR-U the time base was temporarily shifted to align with the start of the COT (only from the perspective of the PDSCH) only to re-align it in the subsequent slot by utilizing a partial-slot transmission. In this case, only PDSCH type A mapping would be required in NR-U. In terms of specification impact, this would simply be achieved by changing definition for the parameter “ is defined relative to the start of the COT” at least for the initial transmission within a COT instead of how it is defined in NR as “relative to the start of the slot”. There should be no confusion about slot number, which will still be consistent with the PCell slot number.

[bookmark: Proposal_pdsch_dmrs_1]Proposal 5: Redefine the meaning of the symbol number parameter  defined in NR to “relative to the start of the COT” in NR-U at least for the initial transmission within a COT.
[bookmark: Proposal_pdsch_dmrs_2]Proposal 6: Use only PDSCH type A mapping slots of any size ε [2, 14] as already defined in NR in NR-U with symbol number as defined in Proposal 3.
The partial-slot following the initial full-slot of the COT just described above could be achieved by configuring a PDSCH type A slot with the parameter  “is the duration is between the first OFDM symbol of the slot and the last OFDM symbol of the scheduled PDSCH resources” to the value of the length of the partial-slot so formed after the initial full-slot. It should also be noted that this definition as stated in [4] needs an editorial review to correct the grammar. In the event that this results in a single symbol slot it would be more convenient to aggregate this single symbol with a subsequent full 14-symbol slot. Alternatively a new single-symbol mini-slot of type B PDSCH mapping could be defined or an additional entry in the type A PDSCH mapping could be created for the  case. Neither of these are preferred options.
[bookmark: Proposal_pdsch_dmrs_3]Proposal 7: Aggregate any single symbol partial-slots resulting from uncertain LBT outcomes with a subsequent full-slot in NR-U.

It may be sufficient to only use PDCCH DMRS for COT detection. However, if it is decided to utilize or augment with PDSCH DMRS as the signal of choice for COT detection, it would be even more convenient to redefine the parameter  as above for this purpose and further to this it would be convenient in NR-U to allow the parameter  in type A PDSCH mapping as this would force the PDSCH DMRS to appear as early as possible in the COT/slot, which would be convenient for fast COT detection without unnecessary buffering. 
PDCCH DMRS for initial and partial-slots

As is the case for PDSCH DMRS, the same issue of initialisation of the gold sequence used to generate the DMRS signal is faced by PDCCH DMRS as detailed in [4] section 7.4.1.3 and hence can also be solved by defining the parameter “ is defined relative to the start of the COT” at least for the initial transmission within a COT instead of how it is defined in NR as “relative to the start of the slot”. There should be no confusion about slot number, which will still be consistent with the PCell slot number.
PDCCH for initial and partial-slots

Following in the same vein as PDCCH DMRS, the PDCCH itself within the CORESET should align to the PDCCH DMRS, which if used for COT detection, should appear as early as possible within a COT. In NR there is no restriction on which symbol the PDCCH should appear and since the proposal is for a type A PDSCH mapping only, there should be no change required for the PDCCH as it can already support all forms of type A PDSCH mapping, provided the same understanding of symbol number  for DMRS for the initial transmission within a COT is maintained for the PDCCH itself in NR-U.
Figure 9 redraws the proposal from Figure 6 but with DMRS and PCDDH as discussed above overlaid.
[image: ]
[bookmark: _Ref964178]Figure 9 Proposed PDSCH full-slot first initial transmission with DMRS and PDCCH overlaid
[bookmark: _Ref4585888]Overhead analysis
In this section, we analysis the overhead of the four options for PDSCH transmission. We assume there are 4 NR-U devices which contends for the channel. For each NR-U device, Cat. 4 LBT with priority class 3 is applied. For option 1, we assume that there are one symbol CORESET for PDCCH and one PDSCH DMRS symbol for each mini-slot (see Figure 10). For PDSCH DMRS, we consider both DMRS configuration type1 and type 2. For type 1, the DMRS overhead is assumed to be 0.5 symbol. For type2, the DMRS overhead is assumed to be 1/3 symbol. We assume that the CORESET occupies the whole channel bandwidth. There are two reasons for such an assumption. First, if wideband PDCCH DMRS is used for transmission burst detection, it is preferred to extend the PDCCH DMRS to the whole bandwidth to get a better detection performance. Second, the bandwidth of the CORESET should be large enough to transmit the necessary PDCCHs. For example, if the bandwidth of the CORESET is 10 MHz for 20 MHz channel with 15 KHz SCS, than there are only 8 CCEs. In this case, if two PDCCH are transmitted (one UE-specific PDCCH and one GC-PDCCH), the aggregation level for each PDCCH is at most 4. Thus, to have a better PDCCH performance it is more reasonable to set the bandwidth of the CORESET to be 20 MHz. 
[bookmark: Observation_overhead_1]Observation 15: For one symbol CORESET, the bandwidth of the CORESET should be large enough to 
· Achieve a better PDCCH DMRS detection performance,
· Transmit more than one PDCCHs (e.g., one UE-specific PDCCH and one GC-PDCCH).
[bookmark: Observation_overhead_2]Observation 16: When UE-specific PDCCH DMRS is used for transmission burst detection, the UE may not be aware of the existence of the transmission burst.
[bookmark: Observation_overhead_3]Observation 17: When GC-PDCCH DMRS is used for transmission burst detection for option 1, it would lead to large overhead and reduce the scheduling flexibility due to the limited number of CCEs.
For option 2 and 4, we assume that there one PDCCH symbol and one PDSCH DMRS symbol for the initial partial-slot. For option 3, we assume the initial slot is composed by 4 3-symbol mini-slot and one 2-symbol mini-slot. The simulation time is 10 seconds. In the simulation, we compute the overhead ratio contributed by the PDCCH, PDSCH DMRS and the reservation signals. The overhead ratio is defined as




[bookmark: _Ref1133426]Figure 10 Mini-slot configuration for option 1
	Overhead ratio (%)

	DMRS configuration type1
	DMRS configuration type2

	Option 1
	Option 2/4
	Option 3
	Option 1
	Option 2/4
	Option 3

	2 symbol mini-slot
	4 symbol mini-slot
	7 symbol mini-slot
	
	
	2 symbol mini-slot
	4 symbol mini-slot
	7 symbol mini-slot
	
	

	81
	71
	70
	32
	75
	75
	67
	69
	30
	71


[bookmark: _Ref1134686]Table 2 overhead comparison for the PDSCH transmission options
Table 2 shows the results of the simulation. From the results, we can see that the overhead of option 1 is approximately 2 times as large as option 2 or 4. We can also see that for option1, 2 symbol mini-slots would introduce more overhead than 4 or 7 symbol mini-slot.
[bookmark: Observation_overhead_4]Observation 18: The overhead of option 1 is approximately 2 times larger than that of option 2 or 4.
[bookmark: Observation_overhead_5]Observation 19: For option 1, 2 symbol mini-slots would introduce more overhead than 4 or 7 symbol mini-slot.
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:
[bookmark: Proposal_pdcch_monitor_1]Proposal 8: PDCCH monitoring for NR-U is only performed within an UE detected 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).
[bookmark: Proposal_pdcch_monitor_2]Proposal 9: PDCCH monitoring for slot-boundary-aligned PDSCH allocation and non-slot-boundary-aligned PDSCH allocation should be considered separately.
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 option 3, 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 option 1, there are several candidates that can be used as an initial signal. Examples include NR PSS and NR PDCCH DMRS. In the case when PDCCH DMRS is present in a gNB initiated COT, we may use it for transmission burst detection. However, since the UE needs to acquire different CORESET configurations at different stages before it could figure out the corresponding PDCCH DMRS locations and sequences, it adds an additional layer of complexity from the UE perspective. Furthermore, it is not clear if PDCCH DMRS alone would be sufficient to provide reliable transmission burst detection with relatively low false alarm rate. Note that higher false alarm rate for transmission burst detection leads to higher UE power consumption.
Simulation is performed to verify the performance of PDCCH DMRS as an initial signal for COT detection. Specifically, we evaluate the miss detection rate and false alarm rate for the scenarios listed in Table 3. As can be seen from Table 3, we assume that the PDCCH DMRS is configured for 50 PRBs, corresponding to a 20MHz bandwidth channel. For channel model, we use TDL-C-100ns channel, which reflects the fact that a typical NR-U serving cell has relatively smaller cell size. Non-coherent, correlation based detector is implemented at the UE side due to the following two reasons. First, the channel realization experienced by different DL transmission bursts are weakly correlated. This means that the channel estimation will need to be obtained from some other signals per DL transmission burst in order to implement coherent PDCCH DMRS detector. Currently, there is no such signal available in NR and/or NR-U. Secondly, coherent detector has a higher receiver complexity compared to non-coherent receiver. One needs to perform channel estimation in the frequency domain before correlation detection could be done, either in frequency domain or time domain. This would limit the power saving capability for an UE, and violates the original intension to introduce initial signal for COT detection.
In general, when an UE is detecting a DL burst transmission, it could face three different scenarios. The first scenario is when the channel is vacant, i.e., no one is transmitting. In this case, the received signal is just thermal noise, and the false alarm rate is defined as the probability that the receiver declares the presence of PDCCH DMRS. The second scenario is when the OFDM symbol under detection carries the desired PDCCH DMRS, i.e., this is the first OFDM symbol of a DL transmission burst from the serving cell. In this case, the miss detection rate is defined as the probability that the receiver declares no PDCCH DMRS is detected. The third scenario is when the channel is occupied (by either the serving cell or other devices), but the symbol under detection does not carry the desired PDCCH DMRS. In this case, the false alarm rate is defined as the probability that the receiver declares the presence of PDCCH DMRS.     
[bookmark: _Ref4765417]Table 3: Simulation parameters for DL transmission burst detection
	Parameter
	Value
	Note

	SCS
	30 KHz
	This models the case where wideband PDCCH DMRS is used for COT detection in NR-U

	Number of RBs
	50
	

	Channel Model
	TDL-C-100ns
	A typical channel model for small cell size.

	Receiver Type
	Non-coherent, Correlator Detector
	Assume channel estimation could not be derived by signals other than PDCCH DMRS

	SNR 
	5dB
	: Signal power of the serving cell received by the UE

	ONR 
	 (dB)
	: Signal power of transmitting device other than the serving cell received by the UE.
Note:  dB means the channel is vacant. 



Figure 11 shows the trade-offs between miss detection rate  and false alarm rate  for various detection thresholds. From the figure, we can see that to achieve a miss detection rate of , the false alarm rate will be larger than 0.87 for all the scenarios simulated. Note that we have picked a relatively high SNR for our simulation to emphasis the fact that despite the high SNR, the false alarm rate is still quite high for such case.
Several reasons contribute to the result shown in Figure 11. First, since TDL-C-100ns has non-negligible frequency selectivity, the processing gain achievable by a non-coherent detector is limited. Second, since PDCCH DMRS is allocated only once every 4 subcarriers, this further reduce the processing gain of the receiver correlator. With a false alarm rate of 0.87, an UE will need to do PDCCH monitoring 90% of the time, even with DL burst detection enabled by PDCCH DMRS. This suggest that PDCCH DMRS alone is not a good initial signal design for DL burst detection.
[image: ]
[bookmark: _Ref4769577]Figure 11: Miss Detection Rate () and False Alarm Rate () for DL burst detection using PDCCH DMRS

Observation 20: PDCCH DMRS alone is not suitable for transmission burst detection since it could not provide meaningful UE power saving.
[bookmark: Proposal_burst_1]A PSS like signal carried at the beginning of a DL burst could be used for transmission burst detection, regardless of the presence of PDCCH DMRS. Particularly, in the case when PDCCH DMRS is present, the signal could be used to enhance the trade-off between the detection rate and false alarm rate, leading to better UE power saving without sacrificing performance. Furthermore, it could also be used to provide channel estimation that is required by a coherent PDCCH DMRS detector. However, extra resource is needed to carry this new signal. Based on the above discussion, we feel it is necessary to conduct more performance evaluations for these candidates and use cases, so that their trade-offs could be quantified and better understood.  
Proposal 10: Performance for different initial signal candidates should be evaluated. Performance metrics should include detection rate, false alarm rate, detection complexity, and UE power consumption.
Conclusion
In summary, we have the following observations:
Observation 1: Option 1 using rebuilding TBs on-the-fly violates the agreements of [2].
Observation 2: Option 1 will force an increase in the capability of a lower class of UE to decode a plurality of PDSCHs.
Observation 3: Option 1 building TB ahead of time will complicate the gNB scheduler by forcing it to reabsorb untransmitted TBs or to schedule RE allocations based on previously determined TBSs of untransmitted TBs.
Observation 4: Option 1 using currently defined NR Type-A and Type-B slot lengths together are insufficient to cover every possible partial-slot length immediately following a successful LBT procedure. 1-, 3- or 5-symbol partial-slots will also still need at least a 1-symbol reservation signal. Using all same-sized mini-slots of either 2- or 4- symbol lengths will further increase the reservation signal overhead.
Observation 5: Option 1 will generate a significant count of min-slots which, if failed over the air, will need re-transmission (presumably as further mini-slots) in subsequent full-slots, making inefficient use of subsequent full-slots.
Observation 6: Option 1 will generate significant overhead from excessive use of mini-slots needing accompanying PDCCH and DMRS, resulting is lowered throughput.
Observation 7: Viability of Option 2 relies to HARQ Code Bock Groups (CBG) mitigation measures which is an optional NR feature. Adopting option 2 will make CBG mandatory.
Observation 8: Option 2 indiscriminately punctures LDPC systematic information which has been shown to be very harmful to the decodability of the resulting code blocks, thus lowering the throughput of initial partial-slot transmissions.
Observation 9: Option 2 mandates re-transmissions using imperfect HARQ re-transmissions which results in unnecessary retransmission of certain bits in a CB, thus lowering the throughput though inefficient use of the channel resources available.
Observation 10: Option 3 either mandates on-the-fly rebuilds of TBs or for the building of 14 different TBs ahead of time.
Observation 11: Option 3 will generate a min-slot which, if failed over the air, will need re-transmission (presumably as a further mini-slot) in subsequent full-slots, making inefficient use of subsequent full-slots.
Observation 12: Option 4 alone is insufficient to fully handle the initial partial-slot after a successful LBT procedure. It will always be in conjunction with elements from the other options 1, 2 and/or 3.
A major additional advantage of this proposal is that it only incurs a single PDSCH transmission per full-slot or partial-slot.
Observation 13: NR rate-matching, slot aggregation and full-slot first all help alleviate the concerns with Option 1, Option 2 and Option 3.
Observation 14: For a partial-slot less than 3 symbols in length, it may be beneficial to consider slot aggregation (partial-slot + the next full-slot at COT start/the previous full-slot at COT end).Observation 15: For one symbol CORESET, the bandwidth of the CORESET should be large enough to 
· Achieve a better PDCCH DMRS detection performance,
· Transmit more than one PDCCHs (e.g., one UE-specific PDCCH and one GC-PDCCH).
Observation 16: When UE-specific PDCCH DMRS is used for transmission burst detection, the UE may not be aware of the existence of the transmission burst.
Observation 17: When GC-PDCCH DMRS is used for transmission burst detection for option 1, it would lead to large overhead and reduce the scheduling flexibility due to the limited number of CCEs. 
Observation 18: The overhead of option 1 is approximately 2 times larger than that of option 2 or 4.
Observation 19: For option 1, 2 symbol mini-slots would introduce more overhead than 4 or 7 symbol mini-slot.
Observation 20: PDCCH DMRS alone is not suitable for transmission burst detection since it could not provide meaningful UE power saving.
Based on the observations, we propose that
Proposal 1: Start the LBT procedure as per the ETSI BRAN regulations and use a cyclic prefix extension of fractional symbol length, based on active SCS, to bring the COT to symbol alignment. The maximum length of such an extension signal should be less than 78.428us.
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: For the partial-slot located near the beginning of a COT, NR-U should support any length full-slot allocation or any length mini-slot allocation for flexible TB to slot mapping using techniques such as NR rate matching and slot aggregation.
Proposal 4: Down-select by removing Option 1 and accept that something does need to be done to fix the initial partial-slot problem.
Proposal 5: Redefine the meaning of the symbol number parameter  defined in NR to “relative to the start of the COT” in NR-U at least for the initial transmission within a COT.
Proposal 6: Use only PDSCH type A mapping slots of any size ε [2, 14] as already defined in NR in NR-U with symbol number as defined in Proposal 3.
Proposal 7: Aggregate any single symbol partial-slots resulting from uncertain LBT outcomes with a subsequent full-slot in NR-U.
Proposal 8: PDCCH monitoring for NR-U is only performed within an UE detected gNB initiated COT.
Proposal 9: PDCCH monitoring for slot-boundary-aligned PDSCH allocation and non-slot-boundary-aligned PDSCH allocation should be considered separately.
Proposal 10: Performance for different 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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