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1. Introduction 

In RAN1#94bis, we agreed on the following:

Agreements:
One PUSCH transmission instance is not allowed to cross the slot boundary at least for grant-based PUSCH.

In RAN1#95 we further agreed on the following on PUSCH:

Agreements:

Support at least one of the following for one TB:

· One UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots

· 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

· N (N>=2) UL grants scheduling N PUSCH repetitions on consecutive available slots, with one repetition in each slot, and the i-th UL grant can be received before the end of the PUSCH transmission scheduled by the (i-1)th UL grant.

· FFS the definition of available slots

This contribution further discuss the PUSCH transmission options to improve reliability as per these agreements, namely mini-slot repetition, 2 PUSCH segment transmission & multi UL grant PUSCH transmission.

2. Discussions

2.1 Mini-slot Repetition

One of the objectives of the Rel-16 eURLLC SI on L1 enhancements to improve reliability is:

· PUSCH enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
Although “mini-slot” is not an official term in 3GPP, it is generally understood that the transmission occupies 2 OFDM symbols.  Figure 1 shows an example mini-slot PUSCH transmission with 4× repetition starting at time t1 in Slot n.  Two main issues identified with mini-slot PUSCH repetitions are:

1) DMRS overhead: A PUSCH typically has a front loaded DMRS, i.e. 1st OFDM symbol consists of DMRS followed by the PUSCH payload.  Since mini-slot consists of 2 OFDM symbols, the repetitions as shown in Figure 1 would lead to 50% DMRS overhead.

2) Orphan symbol: Due to the low latency requirement of URLLC, the mini-slot PUSCH repetition can start anytime within a slot and since an instance of PUSCH cannot cross a slot boundary, this would lead to an orphan symbol when there are not sufficient OFDM symbols in the remaining portion of the slot to contain an entire PUSCH.  In the example in Figure 1, the 4th PUSCH repetition cannot begin at time t4 (last symbol of Slot n) since this would result in a PUSCH crossing a slot boundary.  The 4th PUSCH repetition must therefore begin at the start of Slot n+1, which leads to the last symbol of Slot n being unused.
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Figure 1: PUSCH mini-slot repetition
To reduce DMRS overhead, some of the PUSCH may not contain any DMRS, for example, half of the PUSCH repetitions do not contain DMRS.  However, there needs to be a rule on how to select which PUSCH repetition contains DMRS and which one does not contain DMRS.  For those PUSCH repetitions without DMRS, it should also be clarified how the PUSCH TB is constructed.  It should be noted that repetition of DMRS would lead to improved channel estimation, which would increase the reliability of PUSCH decoding.  Hence, further evaluation should be made before deciding to reduce DMRS overhead.

Observation 1: DMRS repetition improves channel estimation, which will improve the reliability of PUSCH.

Observation 2: Reducing the DMRS overhead can lead to higher specification impact since new specifications are required to determine which PUSCH repetition can or cannot contain DMRS. Separate PUSCH TB constructions may be required for PUSCH repetition with and without DMRS.

The orphan symbol as shown in Figure 1 can be eliminated by just delaying the start of the PUSCH repetition by 1 symbol, which can be done by the gNB scheduler.  It should be noted that delaying the start of the PUSCH repetition by one symbol in the example in Figure 1 does not delay the end time of the last PUSCH repetition, i.e. it introduces no delay to the overall PUSCH repetitions.  That is, orphan symbols can be removed by just ensuring the start of PUSCH repetitions does not lead to any orphan symbol.

Observation 3: Orphan symbol(s) can be eliminated via gNB scheduler by ensuring that the start of the PUSCH repetitions does not lead to any orphan symbols.

However, 3GPP does not specify requirements for gNB scheduling since it should be up to the network vendors’ implementations.  Hence, the orphan symbol may be intentional, in which case the UE should just DTX it.  If the scheduler wants the orphan symbol to be used for another purpose, e.g. a partial repetition of a PUSCH or additional DMRS, it should signal to the UE e.g. in a DCI or RRC configuration.

Proposal 1: The gNB indicates e.g. via DCI, whether the orphan symbol in a mini-slot PUSCH repetition that crosses slot boundary is DTX or used for another transmission, such as partial PUSCH repetition.

In eMTC and NB-IoT, the number of repetitions used for the PUSCH is indicated in the UL grant.  This is a simple and straightforward method and hence, it can be used for Rel-16 eURLLC.

Proposal 2: The number of PUSCH mini-slot repetitions for Rel-16 eURLLC transmission is indicated in the UL grant.
2.2 2-Segments PUSCH repetition

In Rel-15, NR PUSCH can be transmitted using PUSCH mapping Type B where the PUSCH can start at anytime within a slot and can have a duration less than 14 OFDM symbols (i.e. sub-slot PUSCH).  Instead of performing mini-slot PUSCH repetitions for higher reliability, the URLLC transmission can use a single PUSCH transmission occupying the same duration.  Such a transmission does not suffer from high DMRS overhead and the orphan symbol issue as in the case of mini-slot PUSCH repetitions.  

However, since a single PUSCH instance cannot cross a slot boundary, the duration of the PUSCH using Type B mapping depends on the start of the PUSCH transmission.  That is, a PUSCH transmission that starts towards the end of the slot would have shorter duration than one that begins at the beginning of the slot.  Recognising this drawback, it is proposed that a PUSCH transmission can be divided into 2 segments where these segments can have different duration [2].
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Figure 2: 2 Segment PUSCH repetition

Although a PUSCH mapping Type B transmission can have less DMRS overhead compared to mini-slot PUSCH repetitions, it may be beneficial for each segment in the 2 Segment PUSCH repetition to carry its own DMRS.  An example is shown in Figure 2, where each segment consists of a front loaded DMRS.  This would allow each segment to have different precoding and also if inter-slot frequency hopping is used, the 2nd segment would need its own DMRS.

Proposal 3: If 2 Segment PUSCH repetition is introduced, each segment should contain its own DMRS.

In previous implementations of PUSCH repetition, e.g. in eMTC, NB-IoT and Rel-15 PUSCH slot aggregation, each PUSCH repetition can be decoded on its own.  That is the receiver does not need to collect all the repetition samples in order to decode the PUSCH.  This enables the gNB to perform early termination of PUSCH repetition once it has accumulated sufficient repetitive samples.  Hence, it would also be beneficial that each PUSCH segment in the 2 Segment PUSCH repetitions can be decoded on its own.  

Proposal 4: If 2 Segment PUSCH repetition is introduced, each segment has sufficient encoded bits to be decoded independently.  

2.3 Multi UL Grant PUSCH Transmission

In a multi UL grant PUSCH transmission, each PUSCH repetitive sample is scheduled by an UL grant.  An example is shown in Figure 3, where 4 UL grants carried by DCI#1, DCI#2, DCI#3 & DCI#4 schedules PUSCH#1, PUSCH#2, PUSCH#3 & PUSCH#4 respectively.  Here the PUSCH#1, PUSCH#2, PUSCH#3 & PUSCH#4 are repetitions of the same TB, which can therefore be soft combined to improve the reliability.
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Figure 3: Multi UL Grant PUSCH transmission

The drawbacks of this method are:

1) High PDCCH overhead since each PUSCH repetition requires its own DCI

2) A method is required to tell the UE which PUSCHs are repetition samples of each other.  

3) A method is required to tell the UE to use a single HARQ-ACK feedback for all these scheduled PUSCH

The benefit of this method is scheduling flexibility since each PUSCH repetition is independently scheduled, for example in Figure 3 the scheduler can use a frequency resource for PUSCH#4 that is different to that used for PUSCH#1, PUSCH#2 and PUSCH#3.  It would however be beneficial for the UE to know from the first UL grant (e.g. DCI#1 in Figure 3) the number of intended PUSCH repetitions so that the UE can then be ready to perform symbol or soft combining of these repetition samples.  This would limit the scheduling flexibility that this method offers.  This benefit does not justify the drawbacks.

Proposal 5: Multi UL grant PUSCH repetition where each PUSCH repetition is scheduled by an independent DCI is not considered further in this SI.

3. Conclusion

In this contribution we discuss some Layer 1 enhancement on PUSCH to support URLLC.  We observe the following:

Observation 1: DMRS repetition improves channel estimation, which will improve the reliability of PUSCH.

Observation 2: Reducing the DMRS overhead can lead to higher specification impact since new specifications are required to determine which PUSCH repetition can or cannot contain DMRS. Separate PUSCH TB constructions may be required for PUSCH repetition with and without DMRS.

Observation 3: Orphan symbol(s) can be eliminated via gNB scheduler by ensuring that the start of the PUSCH repetitions does not lead to any orphan symbols.

We propose the following:
Proposal 1: The gNB indicates e.g. via DCI, whether the orphan symbol in a mini-slot PUSCH repetition that crosses slot boundary is DTX or used for another transmission, such as partial PUSCH repetition.

Proposal 2: The number of PUSCH mini-slot repetitions for Rel-16 eURLLC transmission is indicated in the UL grant.
Proposal 3: If 2 Segment PUSCH repetition is introduced, each segment should contain its own DMRS.

Proposal 4: If 2 Segment PUSCH repetition is introduced, each segment has sufficient encoded bits to be decoded independently.  

Proposal 5: Multi UL grant PUSCH repetition where each PUSCH repetition is scheduled by an independent DCI is not considered further in this SI.
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