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1	Introduction

In RAN1 #96 [1] at the end of Rel-16 eURLLC SI, the following agreements were made providing guideline for specifying the enhanced PDCCH monitoring capability for UE supporting URLLC.
Agreements:
Support increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for Rel-16 NR URLLC for at least one SCS subject to the following restrictions:
· Explicit limitation on the maximum number of BDs/non-overlapping CCEs per monitoring occasion and/or per monitoring span, and
· The set of applicable SCS(s) to be finalized during the WI phase
· Additional restrictions (e.g., impact # of CCs if any, potential limitations on PDSCH/PUSCH processing, impact of wideband RS for CCE counting if any, etc.) can be considered during the WI phase 
Agreements:
· Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC can be further considered in work item phase.

In this contribution, we provide some evidence based on latency analysis and evaluations of PDCCH blocking probability to support the increase of the maximum number of PDCCH blind decodes and non-overlapping CCEs for channel estimation per slot for UE supporting URLLC.
[bookmark: _Ref178064866]2	Discussion
First, we discuss latency requirement of URLLC and how it can impact the limit on number of blind decodes and non-overlapping CCE for channel estimation. 
2.1	Analysis for URLLC latency requirement
In this section, URLLC latency analysis is given and it is shown that with strict latency requirement, it is necessary to be able to support multiple PDCCH monitoring occasions (MO) within a slot. 
The analysis is based on Rel-15 UE capability #2 with additional assumptions on gNB and UE processing time, transmission occasions, etc., following [2]. For 15 kHz SCS, we assume similar gNB processing time as in [2] but with X=0. Different numbers of PDCCH monitoring occasions per slot are considered with the following patterns.
· [1,0,0,0,0,0,0,0,0,0,0,0,0,0] for 1 PDCCH monitoring occasion per slot
· [1,0,0,0,0,0,0,1,0,0,0,0,0,0] for 2 PDCCH monitoring occasions per slot
· [1,0,0,0,1,0,0,0,1,0,0,0,1,0] for 4 PDCCH monitoring occasions per slot
· [1,0,1,0,1,0,1,0,1,0,1,0,1,0] for 7 PDCCH monitoring occasions per slot
Table 1 FDD DL worst-case Latency (ms), 15 kHz SCS with #PDCCH MO = 1,2,4,7 per slot
	# HARQ transmissions
	1 PDCCH MO per slot
	2 PDCCH MO per slot
	4 PDCCH MO per slot
	7 PDCCH MO per slot

	
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI

	1 Tx
	1.89
	1.75
	1.61
	1.39
	1.25
	1.11
	1.61[footnoteRef:2] [2:  The values are larger than those of 2 PDCCH MO per slot counterparts due to the assumed PDCCH monitoring pattern for 4 MO per slot, resulting in additional symbols for the worst-case alignment. If we instead adjust PDCCH MO pattern for this case to [1,0,0,0,1,0,0,1,0,0,0,0,1,0], the same worst-case latency of 1.39 ms for 15 kHz SCS and 0.83 ms for 30 kHz SCS can be obtained.] 

	1.18
	0.89
	1.46[footnoteRef:3] [3:  The values are larger than those of 2 PDCCH MO per slot counterparts due to the assumed PDCCH monitoring pattern for 7 MO per slot, resulting in additional symbols for the worst-case alignment. If we instead adjust PDCCH MO pattern for this case to e.g., [1,0,1,0,1,0,1,1,0,0,1,0,1,0], the same worst-case latency of 1.39 ms for 15 kHz SCS and 0.83 ms for 30 kHz SCS can be obtained.] 

	1.04
	0.75

	2 Tx
	3.89
	2.75
	2.61
	2.89
	2.75
	2.11
	2.89
	2.18
	1.89
	2.61
	2.04
	1.61

	3 Tx
	5.89
	3.75
	3.61
	4.39
	3.75
	3.11
	4.61
	3.18
	2.89
	3.75
	3.04
	2.46

	4 Tx
	7.89
	4.75
	4.61
	5.89
	4.75
	4.11
	5.89
	4.18
	3.89
	4.89
	4.04
	3.32



Table 2 FDD DL worst-case Latency (ms), 30 kHz SCS with #PDCCH MO = 1,2,4,7 per slot
	# HARQ transmissions
	1 PDCCH MO per slot
	2 PDCCH MO per slot
	4 PDCCH MO per slot
	7 PDCCH MO per slot

	
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI

	1 Tx
	1.08
	1.01
	0.94
	0.83
	0.76
	0.69
	0.941
	0.72
	0.58
	0.872
	0.65
	0.51

	2 Tx
	2.08
	2.01
	1.94
	1.83
	1.51
	1.44
	1.94
	1.51
	1.29
	1.87
	1.37
	1.15

	3 Tx
	3.08
	3.01
	2.94
	2.83
	2.26
	2.19
	2.94
	2.29
	1.94
	2.87
	2.15
	1.79

	4 Tx
	4.08
	4.01
	3.94
	3.83
	3.01
	2.94
	3.94
	3.01
	2.58
	3.87
	2.87
	2.44



Table 3 FDD SR-based UL worst-case Latency (ms), 30 kHz SCS with #PDCCH MO = 1,2,4,7 per slot
	# HARQ transmissions
	1 PDCCH MO per slot
	2 PDCCH MO per slot
	4 PDCCH MO per slot
	7 PDCCH MO per slot

	
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	7-os TTI
	4-os TTI
	2-os TTI

	1 Tx
	1.37
	1.26
	1.19
	1.15
	1.04
	0.97
	1.12
	1.01
	0.83
	1.12
	0.94
	0.79

	2 Tx
	2.37
	2.26
	2.19
	1.90
	1.79
	1.72
	1.97
	1.72
	1.47
	1.90
	1.62
	1.40

	3 Tx
	3.37
	3.26
	3.19
	2.65
	2.54
	2.47
	2.83
	2.51
	2.12
	2.69
	2.26
	1.97

	4 Tx
	4.37
	4.26
	4.19
	3.40
	3.29
	3.22
	3.62
	3.22
	2.69
	3.62
	2.94
	2.54



From Table 1, we see that to fulfil the worst-case DL latency of 1 ms with 15 kHz SCS at least 4 PDCCH monitoring occasions in a slot are required. Tables 2 and 3 show that with 30 kHz, at least 2 monitoring occasions in a slot are required to fulfil the 1ms worst case latency for DL and SR-based UL transmission with reasonable scheduling flexibility (different PDSCH/PUSCH durations). 
For 60 and 120 kHz SCS, due to short symbol duration, 1 ms latency can be achieved with one PDCCH monitoring occasion at the beginning of a slot in most of the cases.
From latency requirement perspective based on the analysis above, we may conclude that at least 4 PDCCH monitoring occasions for 15 kHz SCS and at least 2 PDCCH monitoring occasions for 30 kHz SCS are needed to achieve 1ms worst-case latency.

[bookmark: _Toc4601590][bookmark: _Toc7797494]At least 4 and 2 PDCCH monitoring occasions per slot are required for 15 and 30 kHz SCS to achieve the 1 ms worst-case latency with single transmission.

The current limit on maximum number of blind decodes and non-overlapping CCE for channel estimation are shown in Tables 4 and 5. With multiple PDCCH monitoring occasions and multiple DCI sizes for UE to monitor in CSS and USS, the current limit can lead to tight restrictions on a search space allowing for only limited number of PDCCH candidates.
Table 4 Limit of blind decodes for Rel. 15
	Max no. of PDCCH BDs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Rel-15 
	44
	36
	22
	20



Table 5 Limit of non-overlapping CCE for Rel. 15.
	Max no. of non-overlapping CCEs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Rel-15 
	56
	56
	48
	32



For example, if there are 2 monitoring occasions in a slot, and for each occasion there are 3 different DCI sizes to monitor in CSS and USS (e.g., 1 in CSS and 2 in USS), the current limit on BD for 30 kHz SCS could lead to having only a few BD attempts per DCI size in each monitoring occasion, e.g., only 2 PDCCH candidates for DCI in CSS and 8 PDCCH candidates for each DCI in USS, resulting in a total of (2+2*8)*2 = 36 BDs. One example of a search space fulfilling 8 BD budget is one having (2,2,2,1,1) PDCCH candidates for AL (1,2,4,8,16), respectively which can be restrictive for URLLC scheduling.

[bookmark: _Toc4601591][bookmark: _Toc7797495]Only a limited set of PDCCH candidates in a search space can be configured if multiple PDDCH monitoring occasions are supported in a slot without increasing the current limit on PDCCH monitoring capability (maximum number of BDs and non-overlapping CCEs).

2.3	Impact on PDCCH blocking probability
In previous section, we see the need of multiple PDCCH monitoring occasion per slot to fulfil strict latency requirement. Without an increase in PDCCH monitoring capability (maximum number of BD and CCE limits), PDCCH candidates in a search space can be severely limited. As mentioned before, for example, for 30 kHz SCS, having 2 monitoring occasions in a slot with at least 2 DCI sizes to monitor in USS may imply that the UE is limited to only 8 blind decodes for each DCI per monitoring occasion. Having only maximum of 8 blind decodes in a search space would restrict PDCCH candidates for different AL, i.e., number of PDCCH candidates for AL 1,2,4,8,16 may be restricted to only a few, or some candidates for certain aggregation levels may even be excluded.
Depending on the UE’s channel condition, in some cases the UE may be restricted to monitor only high AL candidates to ensure high PDCCH reliability for URLLC. In other cases, all AL candidates are configured for the UE to monitor with only a few candidates per each AL.  
Below we evaluate an impact of such restriction on PDCCH blocking probability for each monitoring occasion. Assumption on UE’s channel condition is based on DL geometry distribution derived for the Rel-15 enabled use cases [3]. Further we assume 1os CORESET containing 96 CCEs (40 MHz BW), DCI size of 40 bits, that each UE is scheduled with one DCI, and that all UEs are scheduled simultaneously. We compare PDCCH blocking probability as a function of number of scheduled UEs with different options of PDCCH candidates in a search space and see that having limited PDCCH candidates in a search space can increase PDCCH blocking probability significantly.
 [image: ]
Figure 1: PDCCH blocking probability with PDCCH candidates for AL (1,2,4,8,16) = (8,8,4,2,1), (2,2,2,1,1), and (0,2,2,1,1).

[bookmark: _Toc4601592][bookmark: _Toc7797496]Limiting PDCCH candidates in a search space can increase PDCCH blocking probability.

2.3.2	Benefit of multiple monitoring occasions in a slot on PDCCH blocking probability
In this section, we evaluate PDCCH blocking probability after a certain number of monitoring occasions in a slot. We show that having more PDCCH monitoring occasions in a slot can reduce PDCCH blocking probability significantly. That is, with multiple PDCCH occasions, a UE has a higher chance of eventually being scheduled. Tables 6 and 7 show PDCCH blocking probability after a certain number of PDCCH occasions as a function of number of UEs per cell with different options of configured PDCCH candidates in a search space. It is evident that the overall PDCCH blocking probability can be reduced significantly with more PDCCH occasions and more relaxed option of PDDCH candidates.

Table 6: Blocking probability after certain number of monitoring occasions with PDCCH candidates for AL (1,2,4,8,16) = (8,8,4,2,1) 
	Blocking prob. 
	#UE = 10
	#UE = 20
	#UE = 30
	#UE = 40

	After 1 PDCCH monitoring occasion
	7.91%
	39.03%
	58.01%
	68.46%

	After 2 PDCCH monitoring occasions
	0
	1.42%
	19.50%
	37.75%

	After 3 PDCCH occasions
	0
	0
	0.17%
	4.15%



Table 7: Blocking probability after certain number of monitoring occasions with PDCCH candidates for AL (1,2,4,8,16) = (2,2,2,1,1)
	Blocking prob. 
	#UE = 10
	#UE = 20
	#UE = 30
	#UE = 40

	After 1 PDCCH monitoring occasion
	20.48%
	47.27%
	61.76%
	70.30%

	After 2 PDCCH monitoring occasions
	0.30%
	9.68%
	28%
	42.67%

	After 3 PDCCH occasions
	0
	0.14%
	4.77%
	18.33%



That is, in addition to helping to reduce latency as shown in Section 2.1, multiple PDCCH monitoring occasions are also important for reducing overall PDCCH blocking probability. For example, for 120 kHz SCS, with the existing limit of 32 CCEs per slot, there can be at most two AL16 candidates per slot, which can be very limiting for URLLC requiring at least two monitoring occasions in a slot to maintain very low PDCCH blocking probability. 
[bookmark: _Toc4601593][bookmark: _Toc7797497]Multiple PDCCH monitoring occasions in a slot helps to reduce overall PDCCH blocking probability.

Based on all above observations, we propose to increase PDCCH monitoring capability in terms of maximum number of BDs and non-overlapping CCEs per slot for URLLC Rel-16 to allow for more flexible PDCCH scheduling and reduce PDCCH blocking probability. We propose to increase the maximum numbers of PDCCH BDs and non-overlapping CCE for channel estimation, for which the numbers are doubled compared to Rel-15. 
In addition to the increased limits per slot for PDCCH monitoring capability, it can be reasonable to also introduce a restriction in terms of limits per monitoring span in connection with the UE capability signaling discussion on PDCCH monitoring span. This restriction would help to keep UE complexity at a reasonable level by distributing the BD/CCE limit throughout the slot even if the limit per slot is increased. One possible choice is to define the BD/CCE limit per monitoring span based on the (increased) limits per slot and number of monitoring spans in a slot. For example, the BD/CCE limit per monitoring span is derived as . In some cases, it can happen that some monitoring spans do not contain any PDCCH monitoring occasions. In such cases, it is reasonable that only non-empty monitoring spans are taken into account, i.e., the limit per monitoring span for slot j is given by . Further modification of the distribution of the limit per monitoring span can also be considered (see, e.g., our companion paper [5]).    

Based on the above analysis, the corresponding increase in the BD limits and non-overlapping CCE limits as given in Tables 8 and 9 are proposed. 

Table 8 Number of blind decodes proposed for Rel-16.
	Max no. of PDCCH BDs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Rel 16
	88
	72
	44
	40

	BD limit per monitoring span (baseline)
	



Table 9 Number of non-overlapping CCE limit proposed for Rel-16.
	Max no. of non-overallping CCEs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Rel 16
	112
	112
	96
	64

	CCE limit per monitoring span (baseline)
	



Based on the above discussion, we have the following proposals for NR URLLC Rel-16 enhancement, in terms of the number of blind decodes and non-overlapping CCEs for channel estimation. 

[bookmark: _Toc7605925][bookmark: _Toc7797498]For NR Rel. 16 URLLC, the maximum number of PDCCH blind decodes per slot for a DL BWP in a single serving cell is {88, 72, 44, 40} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
[bookmark: _Toc7605926][bookmark: _Toc7797499]For NR Rel. 16 URLLC, the maximum number of non-overlapping CCEs for channel estimation for a DL BWP in a single serving cell is {112, 112, 96, 64} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
[bookmark: _Toc7605927][bookmark: _Toc7797500]The maximum number of BD and non-overlapping CCE per monitoring span is determined as a function of maximum number of BD and non-overlapping CCE per slot and the number of monitoring spans in a slot. 

Conclusion
In the previous sections we made the following observations: 
Observation 1	At least 4 and 2 PDCCH monitoring occasions per slot are required for 15 and 30 kHz SCS to achieve the 1 ms worst-case latency with single transmission.
Observation 2	Only a limited set of PDCCH candidates in a search space can be configured if multiple PDDCH monitoring occasions are supported in a slot without increasing the current limit on PDCCH monitoring capability (maximum number of BDs and non-overlapping CCEs).
Observation 3	Limiting PDCCH candidates in a search space can increase PDCCH blocking probability.
Observation 4	Multiple PDCCH monitoring occasions in a slot helps to reduce overall PDCCH blocking probability.


Based on the discussion in the previous sections we propose the following:
Proposal 1	For NR Rel. 16 URLLC, the maximum number of PDCCH blind decodes per slot for a DL BWP in a single serving cell is {88, 72, 44, 40} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
Proposal 2	For NR Rel. 16 URLLC, the maximum number of non-overlapping CCEs for channel estimation for a DL BWP in a single serving cell is {112, 112, 96, 64} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
Proposal 3	The maximum number of BD and non-overlapping CCE per monitoring span is determined as a function of maximum number of BD and non-overlapping CCE per slot and the number of monitoring spans in a slot.
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