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Introduction
In RANP #83, a new work item on physical layer enhancements for NR URLLC is approved [1]. One of the objectives of this work item is to enhance PUSCH transmission for URLLC as follows:
· Specification of PUSCH enhancements for both grant-based PUSCH and configured grant based PUSCH [RAN1]
· For a transport block, one dynamic UL grant or one configured grant schedules two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots

During the offline discussions of RAN1 #96, the following options for enhancing PUSCH were discussed [2]:
Option 4: 
One or more actual PUSCH repetitions in one slot, or two or more actual PUSCH repetitions across slot boundary in consecutive available slots, is supported using one UL grant for dynamic PUSCH, and one configured grant configuration for configured grant PUSCH.
· The number of the repetitions signaled by gNB represents the “nominal” number of repetitions. The actual number of repetitions can be larger than the nominal number.
· FFS dynamically or semi-statically signalled for dynamic PUSCH and type 2 configured grant PUSCH
· The time domain resource assignment (TDRA) field in the DCI or the TDRA parameter in the type 1 configured grant indicates the resource for the first “nominal” repetition. 
· The time domain resources for the remaining repetitions are derived based at least on the resources for the first repetition and the UL/DL direction of the symbols.
· FFS the detailed interaction with the procedure of UL/DL direction determination
· If a “nominal” repetition goes across the slot boundary or DL/UL switching point, this “nominal” repetition is splitted into multiple PUSCH repetitions, with one PUSCH repetition in each UL period in a slot.
· Handling of the repetitions under some conditions, e.g., when the duration is too small due to splitting, is to be further investigated in the WI phase.
· No DMRS sharing across multiple PUSCH repetitions
· The maximum TBS size is not increased compared to Rel-15.
· FFS: L > 14
· S+L can be larger than 14
· FFS: The bitwidth for TDRA is up to 4 bits.
· Note: different repetitions may have the same or different RV.

Option 5:
One or more actual PUSCH repetitions in one slot, or two or more actual PUSCH repetitions across slot boundary in consecutive available slots, is supported using one UL grant for dynamic PUSCH, and one configured grant configuration for configured grant PUSCH.
· The number of the repetitions signalled by gNB represents the “nominal” number of repetitions. The actual number of repetitions can be larger or smaller than the nominal number.
· FFS dynamically or semi-statically signalled for dynamic PUSCH and type 2 configured grant PUSCH
· The time domain resource assignment (TDRA) and the number of repetitions K are used to determined the overall resources for all the repetitions (L*K). 
· If the overall resources go across the slot boundary or DL/UL switching point, one repetition is transmitted in each UL period in a slot. 
· Otherwise, the nominal number of repetitions are transmitted, each repetition with the transmission duration indicated in the TDRA.
· The TDRA is indicated in the DCI for dynamic grant or type 2 configured grant, or RRC configured for type 1 configured grant.
· No DMRS sharing across multiple PUSCH repetitions
· No special handling of orphan symbols
· The maximum TBS size is not increased compared to Rel-15.
· L <= 14
· S+L can be larger than 14
· Note: different repetitions may have the same or different RV.

Option 6:
One or more PUSCH repetitions in one slot, or two or more PUSCH repetitions across slot boundary in consecutive available slots, is supported using one UL grant for dynamic PUSCH, and one configured grant configuration for configured grant PUSCH
· The time domain resource assignment (TDRA) field in the DCI or the TDRA parameter in the type 1 configured grant indicates an entry in the higher layer configured table
· The number of repetitions, starting symbols of each repetition, length of each repetition, and mapping of the repetitions to slots can be obtained from each entry in the table.
· More than one repetition can be mapped to one slot
· The resource assignment for each repetition is contained within one slot. Each transmitted repetition is contained within one UL period in a slot.
· FFS: increasing the number of bits for TDRA field in DCI 
· FFS other details
· The maximum TBS size is not increased compared to Rel-15.
In this paper, we consider the three abovementioned options for the design of enhanced PUSCH in Rel. 16 URLLC, compare different options, and provide design details for each of them.
Dynamic PUSCH Enhancement for eURLLC
In this section, we start with a comparison between Option 4 and Option 5. We explain why between these two options, only Option 4 may be further studied, while Option 5 can be deprioritized. Then we proceed with a comparison between Option 4 and 6 in terms of DCI overhead, required new signalling, scheduling flexibility, commonality of the solution between dynamic grant and configured grant, etc. 
The basic difference between Option 4 and 5 is on how they treat crossing the slot boundary. In Option 5, if the overall resources exceed the slot border or DL/UL switching point, mini-slot repetition will have to turn to multi-segment repetition, where one repetition is transmitted in each UL period in a slot. While in Option 4, gNB has the flexibility to keep mini-slot based repetition or alternatively grant multi-segment repetitions when crossing the slot boundary. In general, under Option 4, a UE can be scheduled in any way that it can be scheduled with Option 5; however, the reverse argument is not true. Thus, we propose that for dynamic PUSCH enhancement, Option5 is not considered.  
Observation 1: Option 4 provides all the scheduling flexibility that is achievable by Option 5, but the reverse is not true.
Proposal 1: For dynamic PUSCH enhancement, Option 5 is not considered for Rel-16 NR eURLLC.
In the following, we study Option 4 and Option 6. Comparing these two options, the following aspects can be highlighted:
New DCI bits
If specified, dynamic PUSCH with Option 4 needs some bits for number of repetitions R to be dynamically indicated, while in Option 6 number of repetitions is directly obtained from the TDRA table. On the other hand, for a UE supporting different number of repetitions under Option 6, including no repetition, TDRA table needs to be increased to have a similar scheduling flexibility as Option 4. If we assume DCI size can be increased by 1 bit, that one bit in Option 4 can be used for signalling K (exact K, e.g. 2/4 can be RRC configured and DCI indicates which K is chosen). As mentioned earlier, Option 6 needs no DCI bits for number of repetitions, as it is obtained from TDRA, but with one added DCI bit, Option 6 can expand the TDRA table size from 16 to 32 rows. However, even by extending the number of rows, still scheduler flexibility may be questionable in option 6, as the scheduler has to make sure that different SLIVs corresponding to different repetitions in each TDRA row will not violate UL/DL symbol directions for any of the repetitions. This is of special problem once number of repetitions within/across the slot increases; while the actual repetitions in Option 4 can be derived by a UE, as it will be explained below.

Observation 2: For the same DCI overhead, Option 4 is likely to provide more scheduling flexibility as compared to Option 6.

Time domain resource determination
For Option 4, time domain resources for the remaining repetitions need to be determined; while in Option 6, time domain allocations are technically given by SLIV for all the repetitions. More precisely in Option 6 and for the TDD slots, the interaction with the DL/UL direction of the symbols can determine whether a repetition needs to be extended/postponed or dropped. While postponing a repetition may increase reliability, it can severely impact latency. Besides, we should note that one major objective of PUSCH repetitions across slot boundary is to reduce the latency. Hence, to keep the latency reasonably low, we propose that if Option 4 is specified, the UE will stop transmission for this TB after absolute number of symbols is met, where the absolute number of symbols is defined as the total number of symbols obtained by the duration of nominal repetition and number of repetitions, regardless of whether all are available for uplink transmission or not. Figure 1 shows an example of absolute length and length of each repetitions.

Proposal 2: If Option 4 is specified, UE will stop its transmission for this TB after absolute number of symbols is met.
One related question is how a UE determines UL symbols within total symbols, starting from S, under Option 4? To answer this question, we should note that if a UE is indicated that the PUSCH transmission is of low priority, it can rely on the latest dynamic SFI to determine UL/DL direction of the symbols. However, for high priority transmissions, where target reliability is very high, e.g. 1e-6, GC-PDCCH carrying dynamic SFI may not be reliable enough. In this case, relying on the semi-static SFI can be a more reliable solution in determining UL/DL direction of the symbols.   
Observation 3: Dynamic SFI transmitted by GC-PDCCH may not be reliable enough for URLLC service types with a high reliability requirement, e.g. 99.9999%.
Another related aspect regarding the time domain resource determination is the applicability of the solution adopted for UL dynamic grant enhancement to the UL configured grant enhancement. As discussed above, since the actual repetitions can be obtained by the UE based on the UL/DL direction of the symbols, Option 4 is more suitable for ULCG. On the contrary, under Option 6, time domain allocation for all the repetitions has to meet the UL/DL symbol directions within configured grant Type 1 or Type 2.  
Observation 4: Option 4 provides a better commonality between the design of CG PUSCH and DG PUSCH as compared to Option 6.



Figure 1: SLIV and number of repetitions K determine the absolute length of PUSCH transmission for Option 4.

Other aspects
There are few other aspects regarding the design of PUSCH enhancement with Option 4 or Option 6 which are discussed below:
· New SLIV formulation: Common understanding is that Option 6 follows Rel. 15 SLIV formulation for each repetition. The same holds true for Option 4, where SLIV indicates the first repetition. The only exception, under Option 4, is for the case where the SLIV indicates that the first repetition needs to cross the slot boundary, i.e. S+L>14. Here, Rel-15 SLIV formulation can be simply adopted to address S+L>14 case.
· Handling of the repetitions under some conditions, e.g., when the duration is too small: Mainly a problem in Option 4 only. But, it can be solved by configuration or/and by scheduling. For example, instead of granting mini-slot based repetitions that cross the slot border, multi-segment repetition can be scheduled by configuration.
· DMRS determination: It is likely not needed for Option 6. On the other hand, some implicit rules may be needed for option 4 e.g. when S+L>14, i.e. crossing the slot border. Such a rule can be to adopt Rel-15 with Type B mapping to determine number and position of DMRS symbols per repetition.  
· TBS determination: It is a common question to answer for both Option 4 and Option 6. In Option 4, TB size can be determined based on the L from the SLIV for the first nominal repetition, while in Option 6, SLIV for the first segment may be used to determine the TB size. 
· Length of transmission for the first nominal repetition (L): In RAN1 #96, L>14 was left as FFS. We should note that L>14 needs new design/signalling for SLIV equation, and DMRS determination. Besides, considering all these limitations, the benefit of allowing L>14 is unclear. Thus, we propose to keep L <= 14.
· Bit-width for TDRA: In RAN1 #96, it was discussed and left as FFS that for Option 4, the TDRA bit-width is up to 4 bits. Since in Option 4, this is only the first nominal repetition that relies on SLIV given by TDRA, it seems 4 bits already provides good flexibility for different allocations. The actual size of the field could be configurable, and will be decided as part of the new DCI format.

Proposal 3: TB size is determined from the first nominal repetition in Option 4, and from the first segment in Option 6.
Observation 5: L>14 for Option 4 needs some new signalling, e.g. new design for SLIV equation and new rule for DMRS determination, with no clear benefit.  

Proposal 4: Do not support L>14 for Option 4.  
Conclusion
Observation 1: Option 4 provides all the scheduling flexibility that is achievable by Option 5, but the reverse is not true.
Observation 2: For the same DCI overhead, Option 4 is likely to provide more scheduling flexibility as compared to Option 6.
Observation 3: Dynamic SFI transmitted by GC-PDCCH may not be reliable enough for URLLC service types with a high reliability requirement, e.g. 99.9999%.
Observation 4: Option 4 provides a better commonality between the design of CG PUSCH and DG PUSCH as compared to Option 6.
Observation 5: L>14 for Option 4 needs some new signalling, e.g. new design for SLIV equation and new rule for DMR determination, with no clear benefit.  
Proposal 1: For dynamic PUSCH enhancement, Option 5 is no more considered for NR eURLLC Rel-16.
Proposal 2: If Option 4 is specified, UE will stop its transmission for this TB after absolute number of symbols is met.
Proposal 3: TB size is determined from the first nominal repetition in Option 4, and from the first segment in Option 6.
Proposal 4: Do not support L>14 for Option 4.  
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