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Introduction
In Rel-16 eURRLC, the agenda item PDCCH enhancements for eURLLC addresses Rel-16 uplink and downlink DCI format design and Rel-16 PDCCH monitoring enhancements necessary for enhanced URLLC and IIOT operation. The agreements that have been made on this agenda item for both the SI and WI up to and including RAN1 #99 are summarized in [1] and [2].
In this contribution, we discuss the open issues related increased PDCCH monitoring capability and provide possible solutions on unresolved issues to complete the PDCCH enhancement design.
PDCCH Monitoring Limits
In Rel-16, enhancements were made to the PDCCH monitoring capability to support multiple PDCCH monitoring opportunities within a slot to improve scheduling flexibility and reduce latency for URLLC services. In summary, Rel-16 PDCCH monitoring capabilities are defined per span. This means that the limit on the maximum number of non-overlapping CCEs for channel estimation per PDCCH monitoring (C), the maximum number of monitored PDCCH candidates (M) and the PDCCH overbooking/PDCCH dropping procedure are defined per span which results in different number of BDs and non-overlapped CCEs over a slot for different span configurations.

PDCCH monitoring can be configured based on either Rel-15 capability (i.e. per slot-based capability) or Rel-16 capability (i.e. per span-based capability) on a serving cell with the gNB configuring which capability is used. The span definition in UE feature 3-5b serves as a starting point and is defined as (X, Y, µ) where X is the gap between spans, Y is the number of symbols occupied and µ is the sub-carrier spacing. This is illustrated in Figure 1 for a span configuration of (7,3).
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[bookmark: _Ref31969014]Figure 1: R15 and R16 PDCCH monitoring

The first set of unresolved issues address the span combinations and sub-carrier spacing values supported for C and M. In RAN1 #99, the following agreements were made with the unresolved issues highlighted [3]:


	RAN1 #99

Agreement
· Support separate UE capability signaling of the supported combination (X, Y, ) 
· The support of each (X, Y, ) can be reported separately for different minimum processing capability. 
· The value of C for combination (7, 3) for 15 kHz and 30 kHz is 56.
· The value of C for combination (4, 3) for 15 kHz and 30 kHz is [FFS]. 
· The value of C for combination (2, 2) for 15 kHz and 30 kHz is [FFS]. 
· FFS: Different values for 15kHz and 30kHz


Agreements:
PDCCH monitoring can be configured based on either Rel-15 capability (i.e. per slot-based capability) or Rel-16 capability (i.e. per span-based capability) on a serving cell 
· gNB configures which capability is used
· For Rel-16 PDCCH monitoring capability,
· The limit C on the maximum number of non-overlapping CCEs for channel estimation per PDCCH monitoring span is the same across different spans within a slot, each span can cover CSS and/or USS
· The maximum number of monitored PDCCH candidates per span is
· M1 per span for (2, 2)
· M2 per span for (4, 3)
· M3 per span for (7, 3)
· Note: 
· The total number of monitored PDCCH candidates is not smaller than the limit per slot in Rel-15
· The value of M1, M2 and M3 can be different and SCS dependent 
· Note: PDCCH overbooking and PDCCH dropping are not performed per slot



 

In Rel-15, the values of C and M are shown in Table 1 and Table 2 respectively [4]:

[bookmark: _Ref31968730]Table 1: Maximum Number C of non-overlapped CCEs per slot for a DL BWP with SCS configuration μ∈{0,1,2,3} for a single serving cell
	µ
	Maximum number of non-overlapped CCEs per slot and per serving cell C

	0
	56

	1
	56

	2
	48

	3
	32




[bookmark: _Ref31968744]Table 2: Maximum Number M of monitored PDCCH candidates per slot for a DL BWAP  with SCS configuration μ∈{0,1,2,3} for a single serving cell
	µ
	Maximum number of monitored PDCCH candidates per slot and per serving cell M

	0
	44

	1
	36

	2
	22

	3
	20



An agreement in RAN1 #99 set the values of the (7,3) combination to 56 and a proposed working agreement in RAN1 #99 set the values of C as the following:

	Proposed Working Agreement:

The value of C for combination (4, 3) for 15 kHz and 30 kHz is 32. 
The value of C for combination (2, 2) for 15 kHz and 30kHz is 18.




The values of C and M should require a consistent increase in hardware complexity across all configurations and sub-carrier spacings. As such, we support the values suggested in the proposed working agreement as they imply a consistent increase in the hardware complexity requirements across all configurations and sub-carrier spacings based on the value agreed on for the (7,3) combination, i.e. approximately twice that of Rel-15. 

We also support a consistent increase in the values of M as shown  in the following:

Table 3: Rel-16 Values for M
	µ
	Configuration (2,2)
	Configuration (4,3)
	Configuration (7,3)

	0
	12
	30
	44

	1
	10
	24
	36


 

Proposal 1: NR should support the following values for C and M:

Table 4: Rel-16 Values for C
	µ
	Configuration (2,2)
	Configuration (4,3)

	0
	18
	32



Table 5: Rel-16 Values for M
	µ
	Configuration (2,2)
	Configuration (4,3)
	Configuration (7,3)

	0
	12
	30
	44

	1
	10
	24
	36




PDCCH Overbooking and PDCCH Dropping
The second set of unresolved issues has to do with  a scenario in which the number of non-overlapped CCEs for channel estimation or number of BDs across search space sets on a span maybe allowed to exceed the maximum number of non-overlapped CCEs and BDs (i.e. ‘overbooking’ operation). The UE performs a PDCCH dropping procedure in which it drops a number of PDCCH candidates till the number of candidates matches the limits. 

It has been agreed that the overbooking and dropping procedure should be implemented in a manner similar to R15 slot-based overbooking and dropping but with the procedure performed within a span. However, it is FFS if the procedure should be optimized. This was agreed on in RAN1 #99 as shown below with the unresolved issues highlighted:

	RAN1 #99
Agreement:
· PDCCH dropping is performed in a span if needed   
· PDCCH overbooking and PDCCH dropping are only allowed on PCell and PSCell
· FFS PDCCH overbooking and PDCCH dropping are not performed in all spans in a slot
· PDCCH overbooking and PDCCH dropping are only performed in the span with CSS present 




Requiring span based PDCCH dropping within every span within a slot may place an undue burden on the UE, especially as it has to perform PDCCH monitoring within each span after completing the dropping procedure. As an example, in the case of configuration (2,2), requiring PDCCH overbooking and dropping on all seven spans within the slot may be onerous. As such, to reduce the processing required, PDCCH overbooking and dropping should not be required on every span within a slot.  

To limit the complexity, the following options may be considered:
· Option 1: Overbooking is only allowed for the span(s) where a Common Search Space (CSS) is configured on Cell(s) containing the CSS e.g. PCell or pSCell.

· Option 2: Overbooking is allowed for all the span(s) on Cell(s) where CSS is configured e.g. PCell or pSCell.


[bookmark: _GoBack]Figure 2  shows one example for Rel-16 PDCCH candidates monitoring configurations based on  Option 1 and Option 2, assuming 30kHz SCS and span (4,3). As shown in the figure, Option 2 provides more flexibility for the gNB to schedule PDCCH transmission as it is allowed to configure addition USS #2, but results in the PDCCH overbooking on spans 2, 3 and 4 (spans without CSS configuration). This is  at the cost of increased complexity at the UE needed to perform the dropping procedure on these spans in addition to the increased PDCCH monitoring required for Rel-16 span-based monitoring. The complexity may increase even more for a span (2,2) configuration, where there are up to seven spans within the slot. Given the increase in complexity, we support Option 1. 
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[bookmark: _Ref32293227]Figure 2: Search Space Sets Configuration with PDCCH Overbooking

Proposal 2: PDCCH overbooking and PDCCH dropping should not be performed in all spans in a slot.

Proposal 3:  Overbooking is only allowed for the span(s) where a Common Search Space (CSS) is configured on Cell(s) containing the CSS e.g. PCell or pSCell.

Conclusion
In this contribution, we discussed the remaining issues for PDCCH enhancements in R16 eURLLC. Based on the discussion, the following proposals have been made:

Proposal 1: NR should support the following values for C and M:

Table 4: Rel-16 Values for C
	µ
	Configuration (2,2)
	Configuration (4,3)

	0
	18
	32



Table 5: Rel-16 Values for M
	µ
	Configuration (2,2)
	Configuration (4,3)
	Configuration (7,3)

	0
	12
	30
	44

	1
	10
	24
	36




Proposal 2: PDCCH overbooking and PDCCH dropping should not be performed in all spans in a slot.

Proposal 3:  Overbooking is only allowed for the span(s) where a Common Search Space (CSS) is configured on Cell(s) containing the CSS e.g. PCell or pSCell.
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