3GPP TSG RAN WG1 #96			                                    R1-1902608
Athens, Greece, 25th February – 1st March, 2019

Agenda Item:	7.2.6.1.3
Source:	InterDigital Inc.
Title:	On potential PUSCH enhancements for URLLC
Document for:	Discussion and Decision
[bookmark: _GoBack]Introduction
In RAN#80 plenary meeting a new SI on Physical Layer Enhancements for NR URLLC for Rel-16 was agreed [1]. One of the identified objectives of this SI is to study the physical layer enhancements for URLLC:
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)

In RAN1 meeting #AH1901 [2], the following agreement related to physical layer enhancements for PUSCH was achieved:

Agreements:
At least for scheduled PUSCH, for the option “One UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots” (also called as “mini-slot based repetitions”), if supported, it further consists of:
· Time domain resource determination
· The time domain resource assignment field in the DCI indicates the resource for the first 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
· Each repetition occupies contiguous symbols.
· FFS whether/how to handle “orphan” symbols (the # of UL symbols is not sufficient to carry one full repetition)
· Frequency hopping (at least 2 hops)
· Support at least inter-PUSCH-repetition hopping and inter-slot hopping
· FFS other FH schemes
· FFS number of hops larger than 2
· FFS dynamic indication of the number of repetitions
· FFS DMRS sharing
· FFS TBS determination (e.g. based on the whole duration, or based on the first repetition)
Agreements:
At least for scheduled PUSCH, for the option “One UL grant scheduling two or more PUSCH repetitions in consecutive available slots, with one repetition in each slot with possibly different starting symbols and/or durations” (also called as “twomulti-segment transmission”), if supported, it further consists of:
· Time domain resource determination
· The time domain resource assignment field in the DCI indicates the starting symbol and the transmission duration of all the repetitions. 
· FFS multiple SLIVs indicating the starting symbol and the duration of each repetition
· FFS details of SLIV, including the possibility of modifying SLIV to support the cases with S+L>14.
· FFS the interaction with the procedure of UL/DL direction determination
· For the transmission within one slot,
· If there are more than one UL period within a slot (where each UL period is the duration of a set of contiguous symbols within a slot for potential UL transmission as determined by the UE) 
· Alt1: One repetition spans across more than one UL periods.
· This implies that DMRS is required for each UL period.
· Note: it is agreed in previous meetings that one PUSCH instance is not across a slot boundary
· Each repetition occupies contiguous symbols available for potential UL transmission across one or more UL periods
· Alt2: One repetition is within one UL period.
· FFS if more than one UL period is used for the transmission (If more than one UL period is used, this would override the previous definition of this option.)
· Each repetition occupies contiguous symbols 
· Otherwise, a single PUSCH repetition is transmitted within a slot following Rel-15 behavior.
· FFS Transmission of the repetitions spanning across more than two slots is not supported.
· Frequency hopping
· Support at least inter-slot FH
· FFS other FH schemes
· FFS TBS determination (e.g. based on the whole duration, or based on the first repetition, overhead assumption)
Agreements:
· Down-select between “mini-slot based repetitions” and “two-segment transmission”, aiming in RAN1#96
· FFS the option of using separate grants to schedule PUSCH repetitions in consecutive available slots

Agreements:
Companies are encouraged to provide more details in RAN1#96 at least for the following for potential enhancements of PUSCH:
· Details of the time domain resource determination, including the interaction with the DL/UL direction of the symbols
· Details of TBS determination
· What is different for scheduled PUSCH and configured grant?
· E.g. for configured grant, should the transmission be allowed to postpone when conflicting with DL symbols?
· Comparison between the two schemes, including the potential performance evaluation/analysis (including latency, reliability, etc), complexity, overhead, etc.
In this document, we discuss our views on the two main options for PUSCH repetition.
1 Mini-slot based repetition
Based on the offline discussions in RAN1#94bis and the agreement in RAN1#95, one of the two main options related to the PUSCH physical layer enhancement is related to mini-slot repetition (as shown in Figure 1). This would be an enhancement to the existing R15 slot-based repetition where a TB is transmitted across multiple consecutive slots applying the same symbol allocation in each slot. The redundancy version applied on the nth transmission occasion of the TB is determined according to a prespecified table and possibly together with a RV index indicated by the DCI scheduling the PUSCH in case of grant-based transmission.

The other alternative is multi-segment PUSCH transmission over multiple slots, or multiple UL periods, may induce larger latencies which makes it difficult to satisfy the stringent low-latency and high-reliability requirements of URLLC at the same time. Therefore, we think supporting PUSCH repetition in one slot is the most suitable option for URLLC applications.



[bookmark: _Ref528740732]Figure 1: R15 slot-based repetition vs mini-slot based repetition for PUSCH
The motivation for introducing mini-slot repetition is two-fold:
· Latency: It is an established fact that for certain numerologies (e.g., the baseline 15kHz SCS with an associated slot size of 1 msec), the slot-level repetition cannot be used for the use cases with the low latency requirement of 1 msec. Therefore, enabling the mini-slot repetition is a relatively straightforward enhancement to achieve higher reliability in the latency-bound requirement of packets defined for R16 URLLC applications. In fact, since the same resource allocation is used in every slot for slot-level-repetition, in case the PUSCH allocation is at the end of a given slot, the UE needs to wait for the same resources at the end of the next slot for UL transmission, which could potentially exceed the latency-bound requirement. 
· Reliability: One of the contentious areas during the offline discussion was whether the mini-slot based repetition can provide any benefit in terms of reliability compared to a longer PUSCH allocation (as shown in Figure 2). Some of the arguments against the mini-slot repetition for reliability are that a longer PUSCH allocation automatically provides a lower coding rate which in turn provides better performance. Besides, in case of intra-slot hopping, the current R15 PUSCH design could capture the channel frequency diversity.


[bookmark: _Ref528741115]Figure 2: Longer duration PUSCH vs mini-slot based repetition  

Some arguments in support of mini-slot repetition for higher reliability are:
· Channel coding: For small packet sizes both long PUSCH and mini-slot repetition provide a relatively similar coding gain as both will effectively use a low MCS with repetition coding. 
· DMRS overhead: One argument against mini-slot repetition is that slot-based approach has slightly lower DMRS overhead compared to the mini-slot repetition as long as the mini-slot repetition is using more than two repetitions (noting that a separate DMRS is needed for each hop for the intra-slot hopping in R15 PUSCH design). However, the mini-slot based scheme with more than two repetitions provides a larger diversity gain when it is combined with hopping. Additionally, for when intra-slot hopping is not used, DMRS sharing may be used to reduce the DMRS overhead.
· [bookmark: _Hlk528914387]Frequency hopping for diversity gain: Intra-slot hopping for PUSCH was introduced in R15 to harness the frequency diversity within the active BWP. However, the NR intra-slot hopping is currently limited to one hop within a slot, while the mini-slot repetition can practically utilize multiple hops within a slot assuming a mini-slot with two or four OFDM symbol length (As shown in Figure 3: Mini-slot repetition within a slot with frequency hopping). Therefore, the mini-slot hopping has the potential to harness more frequency diversity in the dispersive channels. 


[bookmark: _Ref521499284][bookmark: _Ref528914515]Figure 3: Mini-slot repetition within a slot with frequency hopping
· Frequency hopping for interference randomization: For UL configured grant, as the overloading factor increases, the performance of PUSCH is substantially impacted due to the collision between the UL configured grant transmissions. Mini-slot repetition has the potential to further randomize the interference for UL data transmission and enhance the reliability in the overloaded systems.
Based on the above discussion, we believe is it is beneficial to support mini-slot repetitions in R16. 

Proposal 1: NR Rel-16 should support mini-slot based repetitions within a slot.
A main question regarding mini-slot repetition is how to handle orphan symbols (when the number of UL symbols is not sufficient to carry one full repetition). In this case, the UE may use a combination of the SFI and the single UL grant to select the resources for the transmission. One simple solution is that the UE selects consecutive sets of L contiguous uplink (U) or Flexible (F) symbols after the start symbol. This may result in the UE skipping any sets of uplink (U) or Flexible (F) symbols that number less than the repetition length (L) requested by the UL grant and moving on to the next correctly sized resource resulting in non-consecutive mini-slots with each mini-slot comprising of contiguous symbols (as shown in Figure 4). 
[image: ]
[bookmark: _Ref1121661]Figure 4. Skipping a mini-slot repetition when there are not enough associated UL symbols.
Another solution to handle orphan symbols is to have mini-slot based repetition with variable length of each transmission or simply truncating each repetition, if there are not enough resources. However, this solution requires extensive new procedure and spec impact about how length adaptation is performed by the UE and much truncation is permitted.

[bookmark: _Hlk1058200]Proposal 2: In case of mini-slot based repetition for PUSCH in NR Rel-16, a PUSCH repetition is skipped if there are not enough associated UL symbols. 

Given that both PUSCH and PDSCH in R15 follow the same design principle, it would be beneficial if the mini-slot based repetition to be extended to PDSCH with minimum effort.
Multi-segment transmission 
The other alternative that was considered for PUSCH repetition is multi-segment transmission. If this approach is selected for PUSCH in release 16, a main question is how to select the time resources for each repetition. This is specially important because slot format indicated by SFI may be different for different slots associated with a multi-segment transmission of PUSCH. This means that the time resources that are assigned by one SLIV for the first transmission may be not be applicable for future the repetitions in other slots. 

One solution for time resource assignment for multi-segment transmission of PUSCH is to have two or multiple different mapping between the SLIV value and the start symbol. 

As an example, S2 may be determined from the value S corresponding to SLIV, according to the following rule (as shown in Figure 5):


if  then,
       S2= S mod 7= (SLIV mod 14) mod 7
else  S2=S

In this example, S2 may take one of two values of (S mod 7) or (S mod 7)+7, where S corresponds to the scheduled SLIV based on the predefined rule, depending on which one is consistent with the SFI corresponding to that slot. 




[bookmark: _Ref1057574]Figure 5. Adapting the start symbol for the repetition to lower latency or adapting to SFI.

Another solution for time resource assignment for multi-segment transmission of PUSCH is to have multiple SLIVs associated with it. In this approach, PUSCH may be scheduled with multiple SLIVs, which are ordered (e.g. they have indices), and the active SLIV in each slot is chosen based on the first SLIV which is compatible with the corresponding slot format, i.e. none of its allocated symbols are indicated as DL symbol by the SFI.

Proposal 3: In case of multi-segment transmission for PUSCH in NR Rel-16, at least one of the following options should be supported:
· Multiple mappings from SLIV to the starting symbol
· Multiple SLIVs associated with a multi-segment transmission of PUSCH
Summary

[bookmark: _Ref455734493][bookmark: _Ref434502751][bookmark: _Ref419296613][bookmark: _Ref434227915][bookmark: _Ref434501473]In this contribution, some potential physical layer enhancements for PUSCH were discussed. The following proposals were made:

Proposal 1: NR Rel-16 should support mini-slot based repetitions within a slot.

Proposal 2: In case of mini-slot based repetition for PUSCH in NR Rel-16, a PUSCH repetition is skipped if there are not enough associated UL symbols. 

Proposal 3: In case of multi-segment transmission for PUSCH in NR Rel-16, at least one of the following options should be supported:
· Multiple mappings from SLIV to the starting symbol
· Multiple SLIVs associated with a multi-segment transmission of PUSCH
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