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1. Introduction

In RAN1#95, the following agreements related to PDCCH enhancements for supporting URLLC were made [1]:
	Agreements:

For link-level PDCCH evaluation, the target operating BLER of DCI(s) scheduling HARQ-less PDSCH/PUSCH should be smaller than 1e-x in Rel-16 NR URLLC, at the 5%-tile SINR geometry.   

· x is the reliability requirement given in the table of representative use case for evaluation agreed in the RAN1#94bis meeting.

· The 5%-tile SINR geometry is obtained by system-level simulation assuming full buffer for a given evaluation scenario.

· This target assumes no HARQ re-transmssion 

Agreements:
· No change of DCI format 0_0/1_0 in CSS from Rel-16 URLLC study item perspective

Agreements:

· To further study DCI for URLLC with a size potentially smaller than that of Rel-15 fallback DCI

· Consider using Rel-15 fallback DCI as a starting point for Rel-16 URLLC DCI

· Target a reduction of at least 10-16 bits compared to Rel-15 fallback DCI

· Companies report how to achieve the DCI size reduction

· The link level performance gain from PDCCH reliability perspective 

· Check at least AL=16 

· PDCCH resource utilization considering all UEs in the cell

· Check AL=1/2/4/8/16 

· If retransmission is feasible with the latency bound, different BLER target can be used

· The PDCCH blocking probability when applicable  

· The performance impact from compact DCI including impact to PDSCH/PUSCH capacity when applicable

· The impact on PDCCH blind decoding/DCI size budget 

· The impact on PDSCH/PUSCH scheduling flexibility 

· At least Rel-15 enabled use cases should be evaluated for the above study


In this contribution, we discuss several discussion points regarding PDCCH enhancement techniques to be considered from RAN1 point of view. 
2. PDCCH enhancements
2.1. Compact DCI
Since rel-15, extensive discussions have been occurred regarding the support of PDCCH repetition and compact DCI for improving the reliability of PDCCH. In RAN1#95, aspects to be further studied on compact DCI were agreed. Based on that, in Figure 1, link-level performance of PDCCH with different payload sizes are presented. Detailed simulation assumptions are given in Appendix. 
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Figure 1. PDCCH BLER performance 
It is observed that smaller DCI payload offers about more than 1 dB gain in terms of BLER under the same AL. Based on this result, in figure 2, PDCCH resource utilization considering all UEs in the cell is shown. In case of 40 bits DCI payload, the average number of CCEs per UE is 3.1524 [CCE] = 226.973 [RE] whereas the average number in case of 24 bits is 2.694 [CCE] = 193.968 [RE]. In this sense, it is seen that smaller DCI payload requires less resource in average for PDCCH transmission.
	DCI payload
	
	AL

	
	
	1
	2
	4
	8
	16

	40 bits
	Minimum required SNR to achieve BLER of 10-5 [dB]
	10.8
	3.8
	-1.8
	-6
	-8.6

	
	AL distribution corresponding to target PDCCH BLER of 1E-5
	26.350%
	26.450%
	36.040%
	10.840%
	0.320%

	24 bits
	Minimum required SNR to achieve BLER of 10-5 [dB]
	8.2
	2.1
	-2.7
	-6.9
	-9.4

	
	AL distribution corresponding to target PDCCH BLER of 1E-5
	34.000%
	28.320%
	30.950%
	6.590%
	0.140%


Table 1. PDCCH resource utilization 
Based on PDCCH resource utilization, PDCCH blocking probability is derived by assuming that each UE is scheduled with one DCI, all UEs are scheduled at the same time, and each AL has its maximum number of PDCCH candidates (8, 8, 4, 2, and 1 candidates for AL 1, 2, 4, 8, and 16, respectively). Then, blocking probability is given in Figure 2. As seen, smaller DCI payload may induce lower PDCCH blocking probability. 
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Figure 2. PDCCH blocking probability
Observation 1: Compact DCI can provide BLER performance gain of about 1 dB.
Observation 2: Compact DCI can provide lower PDCCH blocking probability but the gain seems marginal.
In Rel-15, there is a limit in terms of the number of DCI sizes supported for C-RNTI. Considering a UE supporting both eMBB and URLLC, whether to keep this constraint needs to be reconsidered. For example, if a new DCI size is needed for URLLC different from either fallback or non-fallback DCI (e.g., compact DCI), then how to manage DCI size budget needs to be further discussed. 
Proposal 1: If compact DCI is to be introduced, how to manage DCI size budget needs to be also taken into account. 
2.2. PDCCH repetition

As discussed in rel-15, PDCCH repetition can be realized by either combining or non-combining multiple PDCCH candidates via same or different CORESET/search space. Considering performance gain, UE implementation complexity, and specification efforts, our preference is network-implementation based PDCCH repetition which is quite similar as what is supported in rel-15 LTE URLLC. If multiple PDCCH transmissions scheduling the same PDSCH are allowed, and if the UE ignore the following PDCCH transmissions once one PDCCH is successfully decoded, then PDCCH repetition can be realized with small amount of specification efforts. If PDCCH blocking is of importance from gNB side, then gNB can control/manage by not transmitting too many PDCCH copies. 

In the case of PUSCH, it was discussed to re-schedule PUSCH with UL grant received earlier than PUSCH transmission. For instance, if a UE receives the following PDCCH afterwards for UL grant with the same RA and HARQ process as the previously scheduled PUSCH, then the PDCCH transmission can be regarded as PDCCH repetition for reliability. On the other hand, if the following PDCCH indicates different RA for the same HARQ process as the previously scheduled PUSCH, then the PDCCH transmission can be regarded as re-scheduling and the UE will cancel the previously scheduled PUSCH. 

Proposal 2: PDCCH repetition without combining can be considered for rel-16 NR URLLC with targeting small specification efforts, if needed. 

· For PDSCH, a UE shall discard PDCCH(s) scheduling PDSCH for previously scheduled HARQ process until the transmission of HARQ-ACK for that HARQ process.

· For PUSCH, a UE shall discard PDCCH(s) scheduling PUSCH for previously scheduled HARQ process with the same resource allocation as that HARQ process until the PUSCH transmission for that HARQ process.
· FFS: UE behavior when UE receives PDCCH scheduling PUSCH for the previously scheduled HARQ process with different resource allocation from that HARQ process.

2.3. Increased PDCCH monitoring capability

In order to provide more transmission opportunities within a slot for reducing alignment delay, it is worthwhile to consider increased PDCCH monitoring capability. Table 3 shows the maximum number of monitored PDCCH candidates per slot for a single serving cell. 
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	Maximum number of monitored PDCCH candidates per slot and per serving cell 
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	44

	1
	36

	2
	22

	3
	20


Table 3. Maximum number 
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 for a single serving cell [Table 10.1-2 of 38.213]
For URLLC, it is expected that TTI with shorter duration is needed to meet the more stringent latency requirement, which implies that monitoring occasion within a slot would be split up to a smaller size and thus more numbers of monitoring occasions would be configured. In case of 30 kHz subcarrier spacing, if 7 monitoring occasions are considered in a slot, 36 BDs need to be split across 7 monitoring occasions, which implies in average sense, only 5-6 BDs can be configured for a monitoring occasion. It would induce restriction to choose the resource for PDCCH transmission within a limited resources from gNB side. 
Thus, in order to support URLLC operation, the UE would need to support monitoring of more number of PDCCH candidates than BD limits defined in Rel-15 NR. More specifically, the maximum BD limits per monitoring occasion can be defined or reported with the maximum number of monitoring occasions within a slot, which would prevent excessive increase of UE implementation complexity, otherwise gNB will assume a certain number as the maximum BD limits for a monitoring occasion and then the sum of this number across all monitoring occasions within a slot would be the final BD limits that the UE should be capable of in the end. 
Proposal 3: UE capability on the maximum BD limits per monitoring occasion can be defined with the maximum number of monitoring occasions within a slot. 
Currently, if a UE is configured with more number of non-overlapped CCEs to monitor than channel estimation capability or with more number of candidates to monitor than blind decoding capability, then the UE skips monitoring for all candidates of the search space set(s) with higher search space set ID and lower priority of search space type. This inefficient behavior can be improved. For instance, rather than dropping a search space set, a UE can monitor some of candidates of the search space set to be dropped until the total number of PDCCH candidates to be monitored does not exceed the number of BDs/CCEs for PDCCH monitoring. 

Proposal 4: Allowing partial dropping of search space set due to the limitation of BDs/CCEs can be taken into account.
3. Conclusions

In this contribution, we discussed several aspects on PDCCH enhancements for NR URLLC. Based on the above discussion, our proposals are given as follows:
Observation 1: Compact DCI can provide BLER performance gain of about 1 dB.
Observation 2: Compact DCI can provide lower PDCCH blocking probability but the gain seems marginal.

Proposal 1: If compact DCI is to be introduced, how to manage DCI size budget needs to be also taken into account. 
Proposal 2: PDCCH repetition without combining can be considered for rel-16 NR URLLC with targeting small specification efforts, if needed. 

· For PDSCH, a UE shall discard PDCCH(s) scheduling PDSCH for previously scheduled HARQ process until the transmission of HARQ-ACK for that HARQ process.

· For PUSCH, a UE shall discard PDCCH(s) scheduling PUSCH for previously scheduled HARQ process with the same resource allocation as that HARQ process until the PUSCH transmission for that HARQ process.
· FFS: UE behavior when UE receives PDCCH scheduling PUSCH for the previously scheduled HARQ process with different resource allocation from that HARQ process.

Proposal 3: UE capability on the maximum BD limits per monitoring occasion can be defined with the maximum number of monitoring occasions within a slot. 
Proposal 4: Allowing partial dropping of search space set due to the limitation of BDs/CCEs can be taken into account.

4. Reference

[1] RAN1 Chairman’s notes, RAN1#95. 
Appendix: Link-level simulation assumptions 
	Parameter
	Value

	Carrier frequency for evaluation
	4 GHz

	Channel model
	TDL-C (delay spread: 300ns) as in 38.901

	UE speed
	3 km/h 

	BS antenna configuration
	4 Tx antenna ports 

	UE antenna configuration
	4 Rx antenna ports

	System bandwidth
	40 MHz

	Sub-carrier spacing
	30 kHz

	Channel estimation
	Practical

	Receiver type
	MMSE

	DCI payload
	40, 24 bits

	Aggregation levels
	1, 2, 4, 8, 16

	CORESET duration
	1 symbol

	REG bundle size
	6

	Precoder
	Precoder cycling 
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