[bookmark: _Toc436619014][bookmark: _Toc436619251][bookmark: _Toc451844181][bookmark: _Toc466346620][bookmark: _Toc466348853][bookmark: _Ref32174880][bookmark: _Ref32174894][bookmark: _Toc33937155][bookmark: _Toc33937288][bookmark: _Toc64436179][bookmark: _Toc201556294]3GPP TSG RAN WG1 Meeting #94	R1-1808343
Gothenburg, Sweden, August 20th – 24th, 2018

Agenda Item:	7.2.6.1
Source: 	Sony 
Title:	On Layer1 enhancement for URLLC
Document for:	Discussion / decision
1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
An SI was approved in [1] on physical layer enhancement for NR URLLC.  The objectives on L1 improvements for this SI are:
· 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 this contribution we will look at enhancement for PDCCH, PUSCH, UE processing timeline and HARQ feedback.
2. PDCCH Repetitions
The reliability of an URLLC packet (PDSCH/PUSCH) for Rel-15 and Rel-16 URLLC are 1-10-5 (99.999%) and 1-10-6 (99.9999%) respectively.  In order to support this reliability, the control channels, including PDCCH, also need to meet this requirement.
Simulations performed during Rel-15 URLLC shows that in the 4 GHz scenario using 4 Rx antenna at the UE and a 40-bit DCI, PDCCH with AL=16 was able to meet the 10-5 BLER requirement at 5% SNR (cell edge) [2].  For the 700 MHz scenario with 2 Rx antennas, simulations show that AL=16 does not meet the 10-5 BLER requirement.  It should also be noted that the requirement in Rel-16 would require a 10-6 BLER for PDCCH.  Hence, the existing design for PDCCH is not sufficient and enhancement to PDCCH is required.  
Observation 1: Rel-15 PDCCH with AL=16 is not sufficient to meet the reliability requirement especially for UEs with 2 Rx antenna at 700 MHz.

One mechanism considered in Rel-15 URLLC for improvement in PDCCH reliability is repetition.  Generally, repetition can be performed in the frequency domain or time domain.
2.1 Frequency Domain Repetition
Repetition in the frequency domain can be performed within the same CORESET.  It is argued in [3] that repetition has lower performance gain compared to using higher AL due to limited coding gain and additional CRC overhead.  Hence, instead of frequency domain repetition, increase of the AL (e.g. to AL=32), is preferable.  However, it is observed in [4], [5], [6] that the use of high AL leads to higher blocking of PDCCH resources.  Similarly to the use of higher AL, repetition in the frequency domain of the max AL would also lead to blocking of PDCCH resources and therefore both schemes are not desirable.
Observation 2: Frequency domain PDCCH repetition and increasing AL lead to blocking of PDCCH resources and are not desirable.
Proposal 1: Frequency domain repetition of PDCCH is not considered.

2.2 Time Domain Repetition
Time domain repetition of PDCCH can be performed across CORESETs or within the same CORESET of a slot.
For PDCCH repetitions across CORESETs, multiple CORESETs need to be configured within a slot since repetition across CORESETs of different slots introduces latency which is not desirable for URLLC.  There can be 3 CORESETs configured within a slot where each CORESET can be {1, 2, 3} OFDM symbols.  An example is shown in Figure 1, where 3 CORESETs are configured where each one is 2 OFDM symbols long.  Each CORESET contains a separate PDCCH search space and hence the UE would have to blind decode each search space for a possible DCI and also perform additional blind decodes to combine the PDCCH candidates in different search spaces of different CORESETs for possible repetitions, namely it has to combine the PDCCH candidates in CORESET#1 + CORESET#2, CORESET#1 + CORESET#3, CORESET#2 + CORESET#3 and CORESET#1 + CORESET#2 + CORESET#3.  This introduces a significant number of blind decodes and specifications efforts are required to limit the number of blind decodes.  If the PDCCH repetition is performed across different CORESETs, since there is a limit to the number of CORESETs in a slot the number of repetitions is limited (e.g. to 3) and to reduce latency the CORESETs should be configured one after another.  
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[bookmark: _Ref518315845]Figure 1: PDCCH repetition across different CORESETs

Observation 3: PDCCH repetitions across different CORESETs can lead to a significant number of blind decode and specification impacts.

PDCCH repetition within the same search space is already used in eMTC and NB-IoT since Rel-13 and is well understood.  Here, the PDCCH search space is extended in time where, in addition to the AL and frequency location, a PDCCH candidate is also defined by its repetition and location in time.  A PDCCH search space in Figure 2 with repetitions {R1, R2, R4} can be used where R1=1, R2=2 & R4=4.  The number of AL can be reduced, e.g. only consider high AL such as 4, 8 and 16 since repetition is typically used when high reliability or robustness is required.  Reducing the number of ALs would also reduce the number of blind decodes at the UE.  Similar to eMTC & NB-IoT, the PDCCH search space in Figure 2 can be constructed by extending the search space (without repetition) 4× in time, that is, the CORESET is extended 4×.  For example, if the CORESET is 2 OFDM symbols long, the extended CORESET would be 8 OFDM symbols long to support 4× repetitions.
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[bookmark: _Ref518317324]Figure 2: PDCCH search space with repetitions {R1, R2, R4}
Proposal 2: Time domain repetition of PDCCH is supported by extending in the time domain, the search space and the CORESET associated with this search space by a factor equivalent to the maximum PDCCH repetition.
Proposal 3: When repetition is used, restrict the number of AL to reduce the number of blind decodes at the UE.

The PDCCH search space described in Figure 2 is used in eMTC & NB-IoT and it is observed that the PDCCH candidates of the same repetition level do not overlap in time.  Consider the PDCCH search space with {R1, R2, R4} in Figure 3, which starts at time t0.  Here, we assume that the UE requires R2 repetitions for its PDCCH.  If a URLLC packets arrives at time t1, the earliest the gNB can schedule a PDCCH for this UE is at time t3, i.e. the start of the next PDCCH with R2 repetition.  Such an arrangement of non-overlapping candidates of the same repetition level is acceptable for eMTC & NB-IoT since they are delay tolerant.  However, for URLLC, it is beneficial that the gNB can schedule the PDCCH for the URLLC as soon as possible.
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[bookmark: _Ref518318936]Figure 3: Delay in scheduling PDCCH with R2 repetition

Observation 4: The search space in eMTC & NB-IoT without time overlap PDCCH candidates of the same repetition level may not be suitable for low latency operations in URLLC.

A simple method to avoid the delay described in Figure 3 is to allow PDCCH candidates of the same repetition level to overlap.  That is for the search space with repetition {R1, R2, R4}, we introduce additional PDCCH candidate or candidates (if more than one AL per repetition level) of repetition R2 that overlaps in time as shown in Figure 4.  Consider again an arrival of a URLLC packet at time t1 using the search space in Figure 4.  Here instead of waiting for the next non-overlapping R2 candidate at time t3, the gNB can schedule the PDCCH using the overlapping R2 candidate at time t2 which reduces the latency.
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[bookmark: _Ref518319703]Figure 4: Time overlap candidate for R2 repetition

Proposal 4: Allow PDCCH candidates of the same repetition level to overlap in time.

3. PUSCH
In Rel-15, a UE can be configured to use two different 64QAM MCS tables where one way to indicate which table to use is with a new RNTI on the DCI scheduling the grant.  In addition to using different MCS tables, other parameters can also benefit from having two different sets of values and the RNTI can be used as a switch between one set of values from another, i.e. one set is used for URLLC and another for eMBB.
A parameter that can have different values for URLLC and eMBB is a power control parameter.  For example there can be a power offset for URLLC transmissions where the power is increased by this offset otherwise no power offset is applied for the eMBB transmission case.  The additional power is used to improve the reliability of the URLLC PUSCH transmission.  This power offset can be RRC configured.
Another parameter that can have different values is repetition.  For eMBB transmissions, no repetition is applied whereas for URLLC, a 2× or 4× repetitions can be applied.  This would increase the reliability of the PUSCH transmission.  The number of repetitions to be applied can be RRC configured. 
Proposal 5: In addition to using different a 64QAM MCS table, the use of different sets of parameters can be extended to include the use of power offset and repetition for PUSCH transmission. Re-use Rel-15 mechanism to signal which set of parameters to use, i.e. via RNTI or RRC configuration.

4. Processing Timeline
In Rel-15, the delay between the end of PDSCH and the start of PUCCH for the HARQ feedback is indicated in the DL Grant as “PDSCH-to-HARQ_feedback timing indicator.”  That is, when the PDSCH ends at slot n, the PUCCH is transmitted at slot n+k where k is signalled and is in units of slots.  For URLLC PDSCH, with HARQ retransmission, it is important that the network gets the HARQ feedback from the UE as soon as possible.  Hence, instead of using the units of slots for the value k (PDSCH-to-HARQ_feedback timing indicator), it should be enumerated in terms of the number of symbols or mini-slots.  For example, in Figure 5, the value of 2 is signalled in the PDSCH-to-HARQ_feedback timing indicator field of the DCI.  The eMBB UE receiving the PDSCH in slot n will transmit its PUCCH in slot n+2.  However, if the same value is signalled, the URLLC UE receiving the PDSCH at time t1 will transmit its PUCCH in time t2 which is 2 mini-slots later.  Whether to use mini-slot or slot units for this delay can be RRC configured or indicated by using different RNTI.
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[bookmark: _Ref520124888]Figure 5: PDSCH-to-HARQ_feedback timing indicator in units of mini-slot (k1) and slot (k2)

Proposal 6: The PDSCH-to-HARQ_feedback timing indicator supports delay in units of mini-slot and in units of slot.  Which unit to use can be RRC configured or indicated using different RNTI for the DCI.

In Rel-15, after receiving the PDCCH with an UL grant, the UE has up to N2 time periods to process the PUSCH and transmit it.  Consider the scenario in Figure 6, the UE receives DCI#1 at time t1 for a PUSCH transmission carrying an eMBB packet at time t8 and it starts to process that packet.  During the processing period N2, DCI#2 arrives for an urgent PUSCH carrying a URLLC packet at time t7.  Typically, the processing is pipe-lined and since the URLLC packet is of higher priority, the UE will have to process the URLLC packet first and by doing so it may not be able to finish processing the eMBB PUSCH in time for transmission at time t8.  It is therefore possible that even though the URLLC does not pre-empt the resources originally scheduled for eMBB, it may pre-empt the processing of an eMBB transmission leading to a failed eMBB transmission.  One mitigation method is to cancel the eMBB transmission when there is a pre-emption on the processing of the PUSCH transmissions, for example, the later grant has higher priority to be processed over the earlier grant.  Alternatively the eMBB transmission can be automatically postponed to a later slot.
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[bookmark: _Ref520126433]Figure 6: Processing of PUSCH gets pre-empted by another PUSCH processing
Observation 5: The processing of an URLLC PUSCH transmission can pre-empt the processing of an eMBB PUSCH transmission within the same UE, even if their PUSCH resources do not collide.  This can lead to a failed eMBB transmission.
Proposal 7: When the processing of two PUSCH transmissions collide, the PUSCH that is to be transmitted earlier has priority in processing over the earlier grant.  The PUSCH from the earlier grant can be postponed to a later slot.

5. HARQ feedback enhancement
For downlink transmission, UE feedbacks HARQ-ACK to gNB. When the UE does not correctly receive the downlink transmission, the UE feedbacks NACK for the downlink transmission. But if gNB incorrectly received the NACK as ACK, the UE will have lost an opportunity to receive retransmission for the downlink data. This will affect the latency. 
In NR, several types of PUCCH format have been specified to transmit UCI including the HARQ-ACK. In particular, considering a low latency requirement, short PUCCH format with one or two symbols should be considered for the HARQ feedback with high reliability. In Rel-15, reliable two-symbol PUCCH has been specified by repetition and frequency-hopping of a one-symbol PUCCH. However, in order to realize URLLC transmission with very high reliability of 1-10-6, further higher reliability for the short PUCCH format should be considered for the HARQ feedback.
For the low latency requirement, the existing short PUCCH format should be a baseline for the URLLC transmission. Considering specification efforts, enhancements of the repetition and frequency hopping can be considered as techniques for the reliability improvement. Especially, for the HARQ feedback, its feedback possibility should be increased in order to achieve the repetition transmission under the constraint of the low latency. For example as shown in Figure 9, HARQ-ACK for PDSCH can be repeated across two PUCCHs on different mini-slots, each PUCCH can convey two HARQ-ACKs including the repeated HARQ-ACK for the previous mini-slot.
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Figure 9: HARQ feedback repetition
[bookmark: _GoBack]Proposal 8: HARQ feedback is repeated across mini-slots under constraint of the low latency for the high reliability.

6.   Conclusion
In this contribution we discuss some L1 enhancements for Rel-16 URLLC.  We observe the following:
Observation 1: Rel-15 PDCCH with AL=16 is not sufficient to meet the reliability requirement especially for UEs with 2 Rx antenna at 700 MHz.
Observation 2: Frequency domain PDCCH repetition and increasing AL lead to blocking of PDCCH resources and are not desirable.
Observation 3: PDCCH repetitions across different CORESETs can lead to a significant number of blind decode and specification impacts.
Observation 4: The search space in eMTC & NB-IoT without time overlap PDCCH candidates of the same repetition level may not be suitable for low latency operations in URLLC.
Observation 5: The processing of an URLLC PUSCH transmission can pre-empt the processing of an eMBB PUSCH transmission within the same UE, even if their PUSCH resources do not collide.  This can lead to a failed eMBB transmission.

We propose the following:
Proposal 1: Frequency domain repetition of PDCCH is not considered.
Proposal 2: Time domain repetition of PDCCH is supported by extending in the time domain, the search space and the CORESET associated with this search space by a factor equivalent to the maximum PDCCH repetition.
Proposal 3: When repetition is used, restrict the number of AL to reduce the number of blind decodes at the UE.
Proposal 4: Allow PDCCH candidates of the same repetition level to overlap in time.
Proposal 5: In addition to using different a 64QAM MCS table, the use of different sets of parameters can be extended to include the use of power offset and repetition for PUSCH transmission. Re-use Rel-15 mechanism to signal which set of parameters to use, i.e. via RNTI or RRC configuration.
Proposal 6: The PDSCH-to-HARQ_feedback timing indicator supports delay in units of mini-slot and in units of slot.  Which unit to use can be RRC configured or indicated using different RNTI for the DCI.
Proposal 7: When the processing of two PUSCH transmissions collide, the PUSCH that is to be transmitted earlier has priority in processing over the earlier grant.  The PUSCH from the earlier grant can be postponed to a later slot.
Proposal 8: HARQ feedback is repeated across mini-slots under constraint of the low latency for the high reliability.
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