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1. Introduction 

In RAN1#94 we agreed on the following on layer 1 enhancements:
Agreements:

Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered
Agreements: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.
Agreements: 
Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.

· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot

· Other enablers are not precluded
Agreements:

Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded

This contribution further discuss enhancements for PDCCH, HARQ-ACK feedback (PUCCH) & PUSCH.
2. PDCCH
2.1 Compact DCI
In Rel-15, compact DCI was evaluated using link level simulations and it was observed that the gain achieved in reducing a 40 bit DCI by 10 bits was between 0.2 to 1 dB [1].  As noted by several companies [2], [3], [4] that considerable effort is required to reduce the DCI size with no significant gain.  In contrast just repeating the PDCCH twice would achieve 3 dB which has much less specification impacts.
Observation 1: Significant specification effort is required to reduce the DCI size by 10 bits which provides modest gains of 0.2 to 1 dB.  In contrast a simple repetition would produce 3 dB gain.

Typically the DCI format is discussed and specified toward the end of the WI since at that point, the features and functionalities are clear.  Trying to produce a compact DCI without knowing the final functionalities of the feature may lead to poor design as new fields may not be introduced into the DCI without exceeding the imposed DCI size.

Observation 2: Imposing a compact DCI format and size without having a clear picture of the functionalities and features of the WI would lead to suboptimal design.

Proposal 1: The discussion on a new compact DCI format is postponed till the end of the WI when the functionalities and features are agreed.
2.2 PDCCH Repetitions

We concluded that PDCCH repetition in the frequency domain does not offer any gain compared to introducing a higher AL [5]. Hence we only consider PDCCH repetition in the time domain, which is a mature technique used since Rel-13 in eMTC and NB-IoT.  As noted, repetition offers larger gains that compact DCI with lesser efforts and specification impact.  
Proposal 2: Support PDCCH repetition in the time domain.
PDCCH repetitions can be performed across multiple CORESETs or within the same CORESET.  If PDCCH repetition is performed across multiple CORESETs then these CORESETs would need to be within the same slot due to the low latency requirement of URLLC.  In Rel-15 there can be 3 CORESETs within a slot, where each CORESET can be {1, 2, 3} OFDM symbols.  Since each CORESET contains a separate PDCCH search space, the UE would have to blind decode each PDCCH search space for a DCI and also combine any potential PCDCH across each of these search spaces for a DCI.  This would introduce significant more blind decodes and specification impacts which is not preferable.

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

In [5] we propose that the CORESET is expanded to contain these PDCCH repetitions.  For example if a CORESET is 2 OFDM symbols wide for a single PDCCH, then a 4× PDCCH repetition would expand the CORESET 4×  to 8 OFDM symbols wide.  The PDCCH search space can then reuse the methods developed for MPDCCH/NPDCCH in LTE where a PDCCH candidate is defined by its AL, location of the CCEs, the number of repetitions and the time resource occupied.  Figure 1 shows a PDCCH search space with repetitions {R1, R2, R4} where R4 is the maximum repetition, where R1=1, R2=2, R4=4, which is used in MPDCCH and can be easily implemented in an extended CORESET.  
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Figure 1: PDCCH search space with repetitions {R1, R2, R4}
Proposal 3: Time domain repetition of PDCCH is supported by extending in the time domain, the search space and the CORESET by a factor equivalent to the maximum PDCCH repetition.

Consider the PDCCH search space with repetitions {R1, R2, R4} in Figure 2.  If a URLLC packet requires R2 repetitions arrives at time t1, it can only be scheduled at time t3, i.e. the start of the 2nd PDCCH candidate with R2 repetition.  Such delay is acceptable in eMTC & NB-IoT since they are delay tolerant.  However this may not be acceptable for URLLC.
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Figure 2: 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 way to avoid the delay described in Figure 2, is to allow PDCCH candidates with the same repetition to overlap.  An example is shown in Figure 3, where here another set of PDCCH candidate(s) with repetition R2 starting at time t2 is added, which overlaps with those R2 candidates starting at time t0 and t3.  If a URLLC arrives at time t1 that requires repetition R2, it can now start its transmission at time t2, instead of time t3 as per the example in Figure 2.
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Figure 3: Overlapping PDCCH candidates with same the repetition

Proposal 4: Allow PDCCH candidates of the same repetition level to overlap in time.
Figure 4 shows link level results of PDCCH at AL=16 and AL=4 with 4× repetition using the simulation assumption in the Appendix.  It can be observed that the PDCCH with AL=16 is better than that for 4× repetition of AL=4 for the case where the repetition is performed in a Chase Combining (CC) manner, even though in both scenarios the number of physical resources is the same.  This is because in Rel-15 NR (i.e. without repetitions), the encoded bits for PDCCH of AL=4, which is 256 bits, are punctured when rate matched to 216 channel bits whereas the encoded bits for PDCCH of AL=16, which is 512 bits, are repeated when rate matched to 1728 channel bits.  Hence repetition of PDCCH in a CC manner especially for lower AL would not recover the punctured bits due to rate matching.  It is therefore beneficial that the PDCCH repetition applies Incremental Redundancy (IR), e.g. each repetitive sample is a different Redundancy Version.  The performance of 4× AL=4 PDCCH using IR is also shown in Figure 4, where it can be observed that it performs better than 4× AL=4 PDCCH using CC.
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Figure 4: Link level performance of PDCCH at AL16 and 4 × AL4

Proposal 5: The PDCCH repetition is performed with Incremental Redundancy.
3. HARQ-ACK Feedback 

In RAN1#94, it is agreed to study how to enable more than one PUCCH for HARQ-ACK transmission within a slot.  In Rel-15, when the PDSCH ends at slot n, the PUCCH carrying the HARQ-ACK feedback is transmitted at slot n+K1, where K1 is indicated in the DL grant in the field “PDSCH-to-HARQ_feedback timing indicator.”   One of the proposed method to increase the number of PUCCH for HARQ-ACK per slot is to use a finer granularity for K1, e.g. K1’s granularity in mini-slot for URLLC.  The K1 granularity, i.e. slot or mini-slot can be indicated in the DL Grant.  We can use the same mechanism used for indication of which 64QAM MCS Table to use, i.e. using the MCS-C-RNTI to implicitly indicate whether to use a slot level granularity or mini-slot level granularity for K1.  If deemed useful, similar to the configuration for 64QAM MCS table, the granularity for “PDSCH-to-HARQ_feedback timing indicator” can also be semi-statically configured.
Proposal 6: The “PDSCH-to-HARQ_feedback timing indicator” uses mini-slot granularity for URLLC PDSCH transmission.
Proposal 7: The UE uses a mini-slot level granularity for “PDSCH-to-HARQ_feedback timing indicator” if the corresponding PDSCH is scheduled by a DCI masked with MCS-C-RNTI or when RRC configured, otherwise the UE uses a slot level granularity.

To support the reliability of URLLC, the reliability of the PUCCH also needs to be improved.  One way to improve PUCCH reliability is repetition.  If consecutive PDSCHs are transmitted to the UE, repetition of PUCCH would delay the HARQ-ACK feedback for the later PDSCH.  For example Figure 5, the PUCCH is repeated 2× and we have 3 consecutive PDSCHs, namely PDSCH#1, PDSCH#2 & PDSCH#3 for the same UE.  The PUCCH carrying HARQ-ACK are labelled as A/N#1, A/N#2 & A/N#3 for PDSCH#1, PDSCH2 & PDSCH#3 respectively. It is observed that the PUCCH A/N#2 can only start after the repetition for PUCCH A/N#1 is completed and similarly the PUCCH A/N#3 can start after the repetitions for PUCCH A/N#2 is competed.  This would therefore introduce latency for the PUCCH HARQ-ACK feedbacks.
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Figure 5: PUCCH with 2× repetitions

One method to avoid the HARQ-ACK feedback latency described in Figure 5, is to allow the HARQ-ACK feedback for different PDSCH to overlap, i.e. multiplexed in the same PUCCH.  For example in Figure 6, the A/N#2 starts at the same time as the 2nd repetition of A/N#1 at time t4 instead of time t5 in Figure 5 if the A/N#2 can be multiplexed with A/N#1 in a PUCCH.  Similarly A/N#3 can start without waiting for the repetitions of A/N#2 to complete by multiplexing A/N#3 and A/N#2 in the same PUCCH at time t5.  Hence the latency for HARQ-ACK feedback can be reduced.

[image: image6]
Figure 6: Overlapping of PUCCH repetitions

Proposal 8: Support repetition of HARQ-ACK feedbacks and allow multiplexing of HARQ-ACK feedbacks for different PDSCHs in a PUCCH for the same UE.
4. 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 MCS-C-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 MCS-C-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 9: 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 MCS-C-RNTI or RRC configuration.
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 7, 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.

[image: image7.png][ PDCCH [ PUSCH

N eMBB
__Sig ~_cancelled
Uplink / !
Downlink D N>
t tit, Gty ts b & te t Time

[
Timing  pp
Advance




Figure 7: Processing of PUSCH gets pre-empted by another PUSCH processing
Observation 5: The processing of a 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 10: 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. Conclusion

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

Observation 1: Significant specification effort is required to reduce the DCI size by 10 bits which provides modest gains of 0.2 to 1 dB.  In contrast a simple repetition would produce 3 dB gain.

Observation 2: Imposing a compact DCI format and size without having a clear picture of the functionalities and features of the WI would lead to suboptimal design.

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 a 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: The discussion on a new compact DCI format is postponed till the end of the WI when the functionalities and features are agreed.
Proposal 2: Support PDCCH repetition in the time domain.

Proposal 3: Time domain repetition of PDCCH is supported by extending in the time domain, the search space and the CORESET by a factor equivalent to the maximum PDCCH repetition.

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

Proposal 5: The PDCCH repetition is performed with Incremental Redundancy.
Proposal 6: The “PDSCH-to-HARQ_feedback timing indicator” uses mini-slot granularity for URLLC PDSCH transmission.

Proposal 7: The UE uses a mini-slot level granularity for “PDSCH-to-HARQ_feedback timing indicator” if the corresponding PDSCH is scheduled by a DCI masked with MCS-C-RNTI or when RRC configured, otherwise the UE uses a slot level granularity.

Proposal 8: Support repetition of HARQ-ACK feedbacks and allow multiplexing of HARQ-ACK feedbacks for different PDSCHs in a PUCCH for the same UE.
Proposal 9: 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 MCS-C-RNTI or RRC configuration.
Proposal 10: 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.
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7. APPENDIX

The link level simulation assumptions for PDCCH are summarised in Table 1.

Table 1: Link level simulation assumptions

	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits 

	System bandwidth
	20MHz

	Carrier Frequency
	700MHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	30kHz

	Aggregation level
	4 for repetition, 16 for no repetition

	Transmission type
	Interleaved

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Ideal

	Channel model
	TDL-C (delay spread: 300ns) 

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	2Rx
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