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1 Introduction
In RAN1#106 e-meeting [1], the following were agreed:
Agreement:
For reporting the multi-slot PDCCH monitoring capability, at least the following values are supported:
· X=4 slots for SCS 480 kHz
· X=8 slots for SCS 960 kHz

Agreement:
· Revise Alt 1 in previous agreement to the following (this agreement does not select Alt. 1):
· Alt 1: Use a fixed pattern of slot groups as the baseline to define the new capability. 
· Each slot group consists of X slots
· Slot groups are consecutive and non-overlapping
· The capability indicates the BD/CCE budget within Y consecutive slots in each slot group separately
· Further discuss down-selection of Y within 1<=Y<=X/2 (both in units of slot) when X>1
· FFS: Supported values/constraints of X and Y, e.g. Y<=X, Y=X
· FFS: Restrictions on location of the Y slots within a slot group, e.g. the Y slots always start at the first slot within a slot group
· FFS: Further definition of capabilities
· FFS: What the UE capability defines for monitoring within the Y slots

Agreement:
Revise prior agreement including modifications to Alt. 1 as follows:
· Alt. 1: Use a fixed pattern of slot groups as the baseline to define the new capability. 
· Each slot group consists of X slots
· Slot groups are consecutive and non-overlapping
· The capability indicates the BD/CCE budget within Y consecutive slots in each slot group separately
· The location of the Y slots within the X slots is maintained across different slot groups
· Further discuss down-selection of Y within 1<=Y<=X/2 (both in units of slot) when X>1
· FFS: Restrictions on location of the Y slots within a slot group, e.g. the Y slots always start at the first slot within a slot group
· FFS: Further definition of capabilities
· FFS: The following issues for the search space configuration discussion
· Whether a slot group is aligned with a slot boundary
· Restrictions on location of the Y slots within a slot group, e.g. whether to restrict the location of a SS to be within the first Y slots within a slot group
· FFS: What the UE capability defines for monitoring within the Y slots

Agreement:
· A UE supporting 480 kHz SCS supports multi-slot PDCCH monitoring for 480 kHz SCS.
· A UE supporting 960 kHz SCS supports multi-slot PDCCH monitoring for 960 kHz SCS.
· FFS: whether to apply multi-slot PDCCH monitoring at all times and for all search spaces.
This contribution discusses PDCCH monitoring enhancements for NR from 52.6 GHz to 71 GHz, and corresponding limitations to PDCCH configurations.
[bookmark: _GoBack]2 PDCCH Monitoring Enhancements 
2.1 Single-slot based PDCCH monitoring
NR Rel-15 supports slot-based PDCCH monitoring with monitored PDCCH candidates and non-overlapping CCE limits defined per slot for SCS of 15 KHz, 30 KHz, 60 KHz, and 120 KHz. The corresponding limits are defined in Table 10.1-2 and Table 10.1-3 from TS 38.213 [2]. 
Table 10.1-2: Maximum number [image: ] of monitored PDCCH candidates per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of monitored PDCCH candidates per slot and per serving cell [image: ]

	0
	44

	1
	36

	2
	22

	3
	20



Table 10.1-3: Maximum number [image: ] of non-overlapped CCEs per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of non-overlapped CCEs per slot and per serving cell [image: ]

	0
	56

	1
	56

	2
	48

	3
	32



In NR Rel-16, span-based PDCCH monitoring is supported for Ultra-Reliable Low-Latency Communication (URLLC) traffic, where the limits for monitored PDCCH candidates and non-overlapping CCEs are defined in Table 10.1-2A and Table 10.1-3A from TS 38.213 [2] for different UE capabilities. Three types of PDCCH monitoring capabilities with combination (X, Y) are supported. The span gap, X, can be 2 or 4 or 7 symbols, while the span duration, Y, is 2 or 3 symbols for SCS configuration, .
Table 10.1-2A: Maximum number  of monitored PDCCH candidates in a span for combination (X, Y) for a DL BWP with SCS configuration  for a single serving cell
	
	Maximum number  of monitored PDCCH candidates per span for combination  and per serving cell 

	
	(2, 2)
	(4, 3)
	(7, 3)

	0
	14
	28
	44

	1
	12
	24
	36



Table 10.1-3A: Maximum number  of non-overlapped CCEs in a span for combination (X, Y) for a DL BWP with SCS configuration  for a single serving cell
	
	Maximum number  of non-overlapped CCEs per span for combination  and per serving cell 

	
	(2, 2)
	(4, 3)
	(7, 3)

	0
	18
	36
	56

	1
	18
	36
	56



However, NR from 52.6 GHz to 71 GHz would require higher SCS to overcome phase noise and use the same maximum FFT size as FR1/2 at high carrier frequency. Therefore, new limits for PDCCH candidates and non-overlapping CCEs for the higher SCS, such as 480 KHz and 960 KHz should be defined in NR Rel-17.

Observation 1: New limits for PDCCH candidates and non-overlapping CCEs with high SCS (480 KHz and 960 KHz) are needed for NR from 52.6 GHz to 71 GHz. 

The TTI in terms of a span duration or a slot duration decreases linearly as the SCS increases. For a same UE PDCCH monitoring capability as for NR Rel-15/16, the PDCCH monitoring overhead within a TTI would increase significantly due to the short TTI for high SCS. The large PDCCH monitoring requirement within a short TTI can be unrealistic for UE implementation and a UE would not able to monitor a same number of PDCCH candidates/CCEs per slot due to the shorter slot duration. 

Observation 2: PDCCH monitoring requirement is too high due to short TTI at high SCS (480 KHz and 960 KHz).

Slot-based PDCCH monitoring could be considered as a baseline at high SCS (480 KHz and 960 KHz), e.g. for the case UE capability is not available, wherein the maximum number of monitored PDCCH candidates and maximum number of non-overlapping CCEs in a slot can be estimated by extrapolating Rel-16 numbers for other SCSs. Table 1 suggests corresponding numbers as reference for discussion and whether to keep the minimum maximum number of CCEs as 16 for 960 kHz SCS can be further discussed.

Proposal 1: Support slot-based PDCCH monitoring for 480 KHz and 960 KHz, and use Table 1 as a reference for the maximum number of monitored PDCCH candidates and non-overlapped CCEs per slot.

Table 1: Maximum number [image: ] of monitored PDCCH candidates and non-overlapped CCEs per slot for a DL BWP with SCS configuration  for a single serving cell

	[image: ]
	Maximum number of monitored PDCCH candidates per slot and per serving cell [image: ]
	Maximum number of non-overlapped CCEs per slot and per serving cell [image: ]

	5
	[10-12]
	[18-20]

	6
	[8-9]
	[14-16]



2.2 Multi-slot span based PDCCH monitoring capability
Multi-slot span based PDCCH monitoring can be considered to address the large PDCCH monitoring requirement within a short TTI at high SCS. The time separation between two consecutive PDCCH monitoring slots or spans can be extended to a gap over multiple slots, such that UE is able to relax PDCCH processing in a PDCCH monitoring slot or span over the extended gap. 

The following three alternatives were agreed for down-selection in RAN1#104bis-e:
· Alt 1: Use a fixed pattern of slot groups as the baseline to define the new capability
· Alt 2: Use an (X, Y) span as the baseline to define the new capability 
· Alt 3: Use a sliding window of X slots as the baseline to define the new capability

With the revision of Alt 1 in RAN1 #106-e [1], both Alt 1 and Alt 2 support multi-slot PDCCH monitoring based on multi-slot span with capability limited by a combination (X, Y), where X is the minimum time separation between the start of two consecutive spans, and Y is the maximum span duration. The difference between Alt 1 and Alt 2 is repetition of span pattern over time, such that UE expects the same span pattern in terms of span location and duration to monitor repeat in a predetermined repetition cycle over time. For Alt 1, it considers fixed span pattern, including fixed repetition cycle of X slots, and probably fixed start location of a span within a span repetition cycle, e.g. the first slot for every X slots. For Alt 2, it considers flexible span pattern same as Rel-16 span based PDCCH monitoring, where UE can determine the span pattern according to configured search space sets in practice. Compared with Alt 1, Alt 2 provides higher flexibility for gNB regarding SS sets configuration. 

We understand the motivation to consider a simpler UE behaviour regarding blind decoding with a predetermined span pattern. However, we don’t see the necessarity to limit span pattern with repetition cycle to be same as X and fixed span location.

For the repetition cycle of a span pattern, it can be integer time of X slots. The actual value can be determined according to PDCCH monitoring periodicity from configured search space sets, for example, the repetition cycle of a span pattern based on Alt 2 can be LCD of all PDCCH monitoring periodicities, and each PDCCH monitoring periodicity is integer time of X.  

For the start location of a span within a span pattern cycle, it can be determined based on offset of PDCCH monitoring periodicity from configured search space set. There is no need to fix the start location either for Alt 1 and Alt 2. For Alt 1, gNB can configure same offset value for PDCCH monitoring periodicity among all configured search space sets. As long as the location of span maintained across span pattern repetition cycles over time, there is no increase of UE implementation overhead for PDCCH blind decoding. 

On the contrary, there are some issues to consider fixed start location for a span pattern. One issue can be PDCCH blocking, with fixed span location common to all UEs, gNB loses flexibility to configure search space sets with different time offset for different UEs. The search space sets from different UEs will overlap in terms of the start of PDCCH MOs due to the limitation of fixed span location. Another issue is compatibility with default CSS configuration. Current NR system supports four default configurations of Type0-PDCCH monitoring occasions as illustrated in Figure 1, where there is at least one PDCCH monitoring occasion within two conductive slots. If the start of a span is fixed to be the first slot for every repetition cycle, UE may only monitor the first slot, for example slot n0 as illustrated in Figure 1. In this case, gNB cannot use the fourth default configuration with configured monitoring occasion starts in the second slot, i.e. n0+1. Also, it’s a problem for UEs who prefer monitoring occasions in the other slots according to its preferred beam directions. 

[image: ]
Figure 1: Illustration of configured PDCCH monitoring occasions for Type0-PDCCH CSS set. 

Therefore, to avoid impact to legacy Type0-PDCCH monitoring, it’s necessary to consider flexible span location for multi-slot based PDCCH monitoring. A unified multi-slot based PDCCH monitoring capability for all search space can be considered and UE can determine a span pattern according to actual configuration of search space sets. 

For Alt 3, a sliding window of X slots is introduced to allow a flexible pattern of X slots for the BDs/CCE budget. Compared with Alt 1, Alt 3 supports restriction of the number of BDs/CCE in every sliding window based on a sliding unit of [1] slots. However, a sliding window based PDCCH monitoring introduces repeated PDCCH decoding when sliding windows overlap. It is also beneficial for specification and UE implementation to support multi-slot based PDCCH monitoring by extending from legacy PDCCH monitoring behaviour rather than introducing a totally new PDCCH monitoring behaviour. 

Observation 3: Both Alt 1 and Alt 2 support multi-slot span based PDCCH monitoring according to a combination of (X, Y) and a predetermined span pattern repeated over time. 

Observation 4: There is no need to support fixed span pattern, such as fixed repetition cycle of span pattern and fixed location within the repetition cycle.

The minimum PDCCH monitoring gap X should be more than one slot so that a UE can distribute PDCCH processing/monitoring requirements over multiple slots. For a maximum PDCCH monitoring span duration, Y, applicable values for Y can be same as Rel-15 slot-based PDCCH monitoring (i.e. one slot). Alternatively, Y can also be multiple slots to provide more PDCCH monitoring occasions and higher scheduling flexibility to the NW. As a UE may expect much narrower beam direction from 52.6 GHz to 71 GHz compared to FR1 or FR2, the additional occasions when Y is larger than one slot can be used to for PDCCH receptions associated with different beam directions.

Proposal 2: Support multi-slot span based PDCCH monitoring capability according to combination (X, Y), where
· X > 1 slots (e.g. X = 4 for 480 KHz and X = 8 for 960 KHz)
· Y>= 1 slots (e.g. 1<=Y<=X/2) 

Proposal 3: Support flexible span pattern for multi-slot span based PDCCH monitoring, where the repetition cycle of a span pattern and span location within the repetition cycle can be flexible and predetermined according to configured search space sets. 

In practice, a UE can support multiple applicable values for combination (X, Y). The larger the X value is, the larger the reduction in PDCCH monitoring requirements for a UE. To provide full flexibility for configuration of search space sets to a NW, multiple combinations of (X, Y) can be supported for multi-slot span based PDCCH monitoring at high SCS, such as 480 KHz and 960 KHz, similar to span-based PDCCH monitoring in Rel-16. The combination (X, Y) can either be determined based on UE capability or predetermined for applicable SCS configurations, such as, .

An extended span gap increases latency. A scheduling delay of (X - Y) slots can be large for some cases, such as when X is much larger than Y, or when Y is small, e.g. 1. In addition, there may be some loss in data rate if only single PDSCH/PUSCH scheduling per slot is supported. To overcome those issues, adaptation on combination (X, Y) can be considered when a UE is capable of supporting multiple combinations (X, Y). For example, when a UE reports a capability of multiple combinations (X, Y), the UE can be indicated by the NW a selected combination (X, Y) from the multiple combinations based on L1 signaling. The UE can deactivate or activate some PDCCH monitoring occasions according to the PDCCH configuration limitations for the selected combination (X, Y). The UE can also use a maximum number of PDCCH candidates/non-overlapping CCEs based on the indicated (X, Y).

A UE can report its preferred minimum multi-slot span gap, X, and/or maximum multi-slot span Y, according to UE requirements on power savings, latency, and data rate. 

Proposal 4: Support UE reporting of multiple combinations (X, Y), and support adaptation among combinations and UE assistance information on the selection of combination.

2.3 BD/CCE budgets for multi-slot span based PDCCH monitoring capability
The limits for PDCCH candidates/non-overlapping CCEs at high SCS can be defined either per slot or per multi-slot span depending on PDCCH monitoring capabilities. For slot based PDCCH monitoring, the value of and of  for high SCS should be smaller than the corresponding values for lower SCS in Table 10.1-2 and Table 10.1-3 of [2], respectively. 

For multi-slot span based PDCCH monitoring, the limits for PDCCH candidates/non-overlapping CCEs can be defined per combination of (X, Y). Similar to multi-symbol span based PDCCH monitoring in NR Rel-16, and  are determined according to the selection of multi-slot span gap, X, and multi-slot span duration, Y. The larger the X or Y a UE supports, the larger the values of and  can be. 

As  and  are small for SCS of 120 KHz, further reduction is not practically possible for higher SCS as PDCCH blocking may become an issue particularly when considering support of CSS sets, support of PDCCH candidates for multiple CCE aggregation levels, and application of the PDCCH overbooking procedure per search space set.. Therefore, and  need to be defined per multi-slot span for high SCS, such as .

Proposal 5: Support maximum number  of PDCCH candidates, and maximum number of non-overlapped CCEs, per multi-slot span for combination (X, Y), where X >1 slots, Y>=1 slots, and .

2.4 PDCCH monitoring capability switching in SSSG switching
An issue was raised in RAN1#104bis-e regarding switching PDCCH monitoring capability based on SSSG switching. However, that issue is not valid. Based on Rel-15/16 configuration of PDCCH monitoring capability, a UE does not switch PDCCH monitoring capability based on SSSG switching. SSSG switching is performed within an active DL BWP while PDCCH monitoring capability is configured per DL BWP and applies to all search space sets configurations within the DL BWP. Also, it is possible to extend SSSG switching to support switching of UE PDCCH monitoring capability, if necessary. NR supports switching PDCCH monitoring capabilities based on BWP switching and the same principle can apply for switching PDCCH monitoring capabilities based on SSSG switching. However, the motivation for supporting PDCCH monitoring capability switching without BWP switching needs to be justified first before considering any enhancement on Rel-16 SSSG switching to support PDCCH monitoring capability switching.

Observation 5: PDCCH monitoring capability switching is supported in NR Rel-16 based on BWP switching. 

Proposal 6: Further study motivation for enhancement of Rel-16 SSSG switching scheme to support PDCCH monitoring capability switching. 


3 Limitation of PDCCH configurations
3.1 Search space set configuration
To support multi-slot span based PDCCH monitoring, a UE would expect that a time gap between any two consecutive PDCCH monitoring spans is not smaller than the multi-slot span gap X, while any PDCCH monitoring span duration is up to Y slots. PDCCH monitoring occasions are determined according to configured search space sets, where PDCCH monitoring periodicity  and duration are configured in  number of slots for a search space set s. Two consecutive PDCCH monitoring spans can either be PDCCH monitoring occasions from the same search space set or PDCCH monitoring occasions from different search space sets. Therefore, both intra search space set span gap and inter search space set span gap should be considered – i.e. the span gap should be considered across all search space sets as in Rel-16. 

Figure 2 illustrates an example of multi-slot span based PDCCH monitoring with combination of (X = 4, Y =2), the configuration of search space set 3 is invalid because the two consecutive PDCCH monitoring occasions from search space set 1 and search space set 3 is smaller than X, but is not smaller than Y. 



Figure 2: Illustration of search space set configurations limited by combination of (X = 4, Y =2).

For intra search space set span gap, the PDCCH monitoring periodicity of  slots should be limited by the multi-slot span gap X, while the PDCCH monitoring duration of  slots should be limited by the multi-slot span Y. Therefore, a PDCCH monitoring periodicity should not be smaller than the multi-slot span gap, i.e. , while PDCCH monitoring duration is not larger than multi-slot span, i.e. .

For inter search space set span gap, two consecutive PDCCH monitoring occasions from different search space sets may belong to different PDCCH monitoring spans. In this case, the gap between the two consecutive PDCCH monitoring occasions from search space set i  and search space set j is limited by multi-slot span gap, X, such that , where  and  are offsets for search space set i  and search space set j. In another case, the two consecutive PDCCH monitoring occasions from different search space sets can belong to the same PDCCH monitoring span. In the latter case, the gap between the two consecutive PDCCH monitoring occasions from search space set i and search space set j should be limited by multi-slot span duration, Y, such that . For the benefit of simple scheduling and configuration, it’s better to consider applicable values for PDCCH monitoring periodicity to be integer of X. 

Proposal 7: For multi-slot span based PDCCH monitoring based on combination (X, Y), the PDCCH monitoring periodicity is , , and the PDCCH monitoring duration is 

3.2 PDCCH candidates allocation/dropping per multi-slot span
In Rel-16, a procedure to resolve overbooking conditions for PDCCH monitoring per slot or span in a slot as specified in TS38.213 [2]. When for a search space set, a resulting total of monitored PDCCH candidates or non-overlapped CCEs would exceed corresponding maximum values in a slot or span, the UE will drop PDCCH monitoring for the search space set and for remaining search space sets with higher indexes. 



Figure 3: Allocation of PDCCH candidates with combination (X = 4, Y =2).

For multi-slot span based PDCCH monitoring as illustrated in Figure 2, a span for PDCCH monitoring can be over multiple slots based on combination (X, Y). The PDCCH candidate allocation/dropping rule from Rel-16 should be extended to support PDCCH monitoring in a multi-slot span. 

When a UE is configured with CA operation, the PDCCH candidate allocation/dropping rule per multi-slot should be extended to multiple CCs that are configured with multi-slot PDCCH monitoring capability. For a UE configured with CA operation, NR Rel-16 supports multiple PDCCH monitoring capabilities, such that gNB can configure some cells with Rel-15 per slot based PDCCH monitoring capability, and some other cells with Rel-16 per span based PDCCH monitoring capability. The same principle can be reused to include multi-slot PDCCH monitoring capability as another candidate for PDCCH monitoring capability configuration. 

Proposal 8: Support PDCCH candidate allocation/dropping per a span over multiple slots for a single serving cell and across multiple CCs in CA.

3.3 CCE location determination per multi-slot duration

Another PDCCH candidate configuration related aspect impacted by multi-slot based PDCCH monitoring is the determination of CCE locations for a PDCCH candidate. The determination of CCE indexes for a PDCCH candidate is based on a parameter, ,  where  is the slot index of the PDCCH monitoring occasion. For multi-slot based PDCCH monitoring and a PDCCH monitoring duration of X>1 slots, the index of the first slot from the X slots is used to determine   i.e.  is replaced by , for each PDCCH monitoring occasion within the X slots; otherwise, with  updated per slot and considering the time-first mapping for PDCCH and that Y can be more than 1 slot, the Rel-16 CCE-based structure for PDCCH transmissions cannot be maintained. 

Proposal 9: For multi-slot PDCCH monitoring according to configuration (X, Y),  is replaced by  in the search space equation in [2].  

4 Enhancement to GC-PDCCH
For 60 GHz unlicensed band, transmissions are expected to be highly directional. To address the channel access efficiency, a transmitter can choose an intended beam direction to perform the channel access procedure, and the sensed result is exclusively applicable to that intended beam direction only. Hence, indicating COT, available RB set, and search space group switching should be associated with the beam direction, wherein such feature was introduced in Rel-16 NR-U by using DCI format 2_0 and in a cell-specific manner. Generalizing the feature to a beam-specific manner is beneficial to address different interference situations along beam directions, and is compatible with the intention to introduce directional LBT. 

Proposal 10: Support indicating COT, available RB set, and search space group switching in a beam-specific manner for 60 GHz licensed band.

5 Conclusions	
This contribution considered PDCCH monitoring enhancements and limitations to PDCCH configurations for NR from 52.6 GHz to 71GHz.  Following proposals and observation were made:

Observation 1: New limits for PDCCH candidates and non-overlapping CCEs with high SCS (480 KHz and 960 KHz) are needed for NR from 52.6 GHz to 71 GHz. 

Observation 2: PDCCH monitoring requirement is too high due to short TTI at high SCS (480 KHz and 960 KHz).

Observation 3: Both Alt 1 and Alt 2 support multi-slot span based PDCCH monitoring according to a combination of (X, Y) and a predetermined span pattern repeated over time. 

Observation 4: There is no need to support fixed span pattern, such as fixed repetition cycle of span pattern and fixed location within the repetition cycle. 

Observation 5: PDCCH monitoring capability switching is supported in NR Rel-16 based on BWP switching. 

Proposal 1: Support slot-based PDCCH monitoring for 480 KHz and 960 KHz, and use Table 1 as a reference for the maximum number of monitored PDCCH candidates and non-overlapped CCEs per slot.

Proposal 2: Support multi-slot span based PDCCH monitoring capability according to combination (X, Y), where
· X > 1 slots (e.g. X = 4 for 480 KHz and X = 8 for 960 KHz)
· Y>= 1 slots (e.g. 1<=Y<=X/2) 

Proposal 3: Support flexible span pattern for multi-slot span based PDCCH monitoring, where the repetition cycle of a span pattern and span location within the repetition cycle can be flexible and predetermined according to configured search space sets. 

Proposal 4: Support UE reporting of multiple combinations (X, Y), and support adaptation among combinations and UE assistance information on the selection of combination.

Proposal 5: Support maximum number  of PDCCH candidates, and maximum number of non-overlapped CCEs, per multi-slot span for combination (X, Y), where X >1 slots, Y>=1 slots, and .

Proposal 6: Further study motivation for enhancement of Rel-16 SSSG switching scheme to support PDCCH monitoring capability switching. 

Proposal 7: For multi-slot span based PDCCH monitoring based on combination (X, Y), the PDCCH monitoring periodicity is , , and the PDCCH monitoring duration is 

Proposal 8: Support PDCCH candidate allocation/dropping per a span over multiple slots for a single serving cell and across multiple CCs in CA.

Proposal 9: For multi-slot PDCCH monitoring according to configuration (X, Y),  is replaced by  in the search space equation in [2].  

Proposal 10: Support indicating COT, available RB set, and search space group switching in a beam-specific manner for 60 GHz licensed band.
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