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1 Introduction
A new SI on reduced capability NR devices was approved in RAN#86 [1] and revised in RAN#87 [2]. One of the objectives of the revised SI is the following: 
Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]

In this contribution, we discuss potential techniques for reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits.

2 [bookmark: OLE_LINK71][bookmark: OLE_LINK72]PDCCH Monitoring for RedCap UE
[bookmark: OLE_LINK69]From the objective of the SI, RAN1 requests to study UE power saving and battery lifetime enhancements. One way to reduce UE power consumption is to reduce power consumption for processing PDCCH candidates. In Rel-16 Power Saving SI, the PDCCH-related power consumption was studied. Based on power consumption in TR 38.840 [3], the PDCCH-related power consumption can be reduced by 30*(1-)%, where  denotes the ratio of PDCCH blind decodings over the maximum number of blind decodings. For example, if the number of PDCCH blind decodings are reduced by half, i.e., . then power consumption may be reduced by 15%. Note that from this power consumption model, at most 30% of power may be consumed for PDCCH-related operations. 
When a UE performs blind decoding (BD), the UE does not have any prior information about which DCI format is transmitted in a PDCCH, which CCEs are occupied by a PDCCH, and how many PDCCHs are transmitted. The number of BDs depends on # of DCI size, # of aggregation levels, and # of PDCCH candidates per aggregation level, which are configurable for UE-specific search space but fixed for common search space. Due to the different search space configurations, the number of BDs may be varied every PDCCH monitoring occasion. When performing blind decoding for PDCCH candidates, DM-RS based channel estimation is also performed. If some of PDCCH candidates overlap in the same DM-RS REs, then the overlapped DM-RS REs may be also used for efficient channel estimation. In other words, according to mapping of PDCCH candidates, the complexity of the DM-RS based channel estimation may be varied in every PDCCH monitoring occasion.
To keep the complexity of blind decoding under a certain limit, Rel-15 and Rel-16 defined the maximum allowed complexity for blind decoding. In Rel-15, a maximum number of BDs and maximum number of non-overlapping CCEs per slot as in the following tables were defined in TS38.213. In Rel-16 URLLC WI, PDCCH monitoring is enhanced to support ultra-low latency and high reliability service. For URLLC, sub-slot PDCCH monitoring capability, defined by span and span gap, is introduced and a new maximum number of BDs and maximum number of non-overlapping CCEs per span are also defined. 


Table 1: Maximum number  of monitored PDCCH candidates per slot for a DL BWP with SCS configuration  for a single serving cell
	

	
Maximum number of monitored PDCCH candidates per slot and per serving cell 

	0
	44

	1
	36

	2
	22

	3
	20





Table 2: Maximum number  of non-overlapped CCEs per slot for a DL BWP with SCS configuration  for a single serving cell
	

	
Maximum number of non-overlapped CCEs per slot and per serving cell 

	0
	56

	1
	56

	2
	48

	3
	32



For RedCap UE, as in Rel-15/16, a new BD/CCE limits are needed to be discussed for reducing UE power consumption. From SID [2], the use case specific requirements for each service type are identified as follows: 
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)
· Video Surveillance: As described in TS 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.
· Wearables: Reference bitrate for smart wearable application can be 10-50 Mbps in DL and minimum 5 Mbps in UL and peak bit rate of the device higher, 150 Mbps for downlink and 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).
Among three use cases, the requirements of battery lifetime are quite diverse. For example, battery lifetime requirement for IWS is a few years but battery lifetime requirement for wearable is a few days. Since RedCap UE has very different battery lifetime requirements, it is not suitable to define a single BD/CCE limits for all type of RedCap UEs. Thus, RAN1 should further investigate multiple BD/CCE limits to cover various service/RedCap UE types. 
· Proposal 1: RAN1 should further investigate multiple BD/CCE limits to cover various service/RedCap UE types in WI phase.

PDCCH monitoring reduction vs PDCCH dropping rule
If a UE is configured to monitor PDCCH candidates exceeding the maximum number of BD/CCE limits in a slot, then the UE drops some search spaces and PDCCH candidates associated to the dropped search spaces to keep the number of BD/CCE no larger than the maximum number of BD/CCE limits in a slot. When dropping search spaces due to BD/CCE limits, UE-specific search space is dropped due to BD/CCE limits, but common search space is not dropped. In other words, gNB ensures the number of BD/CCE to receive PDCCHs in a common search space being no larger than BD/CCE limits. For RedCap UE, it is expected that the BD/CCE limits become far smaller at least for IWS, which makes it hard for gNB to ensure the number of BD/CCE for the common search space. Thus, PDCCH dropping in the common search space may be further investigated in WI phase. 
· Proposal 2: RAN1 should further investigate regarding PDCCH dropping in a common search space in WI phase.

PDCCH monitoring reduction vs PDCCH Blocking
A number of BD and non-overlapped CCE limit would be reduced for reduced capability NR devices. In order to determine the number of BD/CCE, effect of PDCCH blocking probability should be taken into account. Because the number of RedCap UE (e.g. IWS or Video surveillance) is expected to increase explosively and also the bandwidth for RedCap UE may be narrower, it may become hard to multiplex PDCCHs for multiple RedCap UEs with a small number of BD/CCE. Therefore, further study is needed to check PDCCH blocking probability with a small number of BD/CCE, and if needed, the design of a new PDCCH hashing function is required.
· Proposal 3: Effect of PDCCH blocking should be further investigated for RedCap UE in WI phase.

PDCCH monitoring reduction vs Coverage recovery
Downlink reception performance of RedCap UE may be degraded by lower number of RX antennas, for example 1 RX or 2 RX. In this case, the PDCCH reliability could be problematic. RAN1 is studying a potential technique to recover downlink coverage and higher level of PDCCH AL (e.g. 32 or 64) can be considered. Note that Rel-15/16 support AL as 1, 2, 4, 8, or 16 for UE-specific search space and RRC configured common search space and 4, 8, or 16 for non-RRC configured common search space (i.e. Type0 common search space). As we discussed earlier, the number of BDs depends on the number of ALs so that additional higher AL may increase the number of BDs. It would be marginal for UE-specific search space and RRC-configured common search space because gNB could assure small number of ALs, while careful consideration is required for non-RRC configured common search space (i.e., Type-0 common search space). Note that Type-0 common search space has 4 PDCCH candidates with AL of 4, 2 PDCCH candidates with AL of 8, and 1 PDCCH candidates with AL of 16. 
· Proposal 4: If additional higher ALs are supported for RedCap UE, RAN1 needs to investigate which ALs are supported and how many PDCCH candidates per AL are supported for type-0 common search space in WI phase. 

RedCap UE may operate with a narrow bandwidth, for example, equal to or less than 20MHz so that higher AL may not be supported in a search space. Rather than supporting higher AL, repetition of PDCCH can be considered. For example, the first PDCCH repetition in the first slot may satisfy the BD/CCE limits but the second PDCCH repetition in the second slot may not satisfy the BD/CCE limits. In this case, the first PDCCH can be received and the second PDCCH repetition is dropped which makes the RedCap UE fail to obtain gain of repetition. If PDCCH is repeated across slots or spans, the BD/CCE limits should be further defined with repetition. That is, the BD/CCE limits should be defined per a set of slots or spans where a PDCCH is repeated. 
· Proposal 5: If PDCCH repetition is supported for RedCap UE, BD/CCE limits should be defined per a set of slots or spans where a PDCCH is repeated. 

 Another direction to recover coverage is to allow small payload size of DCI format. In Rel-16 URLLC WI, to achieve higher reliability of PDCCH reception, a new configurable size of DCI formats (0_2 or 1_2) were introduced. The size of a new DCI format can be less than that of fallback DCI formats (0_0 or 1_0). So, to recover coverage, gNB may configure a new DCI format with a smaller size. However, if the size of a new DCI format is configured to be less than that of fallback DCI format, the number of BDs increases, which should be avoided in terms of power saving. Also, gNB cannot configure the size of a new DCI format as same as the size of fallback DCI format, because a UE does not distinguish two DCI formats with the same size. Thus, to reduce DCI format size for coverage recovery, DCI alignment rule needs to be studied. Also, DCI size budget (3+1) should also be revisited. 
· Proposal 6: In order to use small DCI payload size for RedCap UE, DCI size budget and DCI size alignment rules should be further investigated in WI phase. 

3 Conclusion
In this contribution, potential techniques for reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits were discussed and the followings were proposed: 
· Proposal 1: RAN1 should further investigate multiple BD/CCE limits to cover various service/RedCap UE types in WI phase.
· Proposal 2: RAN1 should further investigate regarding PDCCH dropping in a common search space in WI phase.
· Proposal 3: Effect of PDCCH blocking should be further investigated for RedCap UE in WI phase.
· Proposal 4: If additional higher ALs are supported for RedCap UE, RAN1 needs to investigate which ALs are supported and how many PDCCH candidates per AL are supported for type-0 common search space in WI phase. 
· Proposal 5: If PDCCH repetition is supported for RedCap UE, BD/CCE limits should be defined per a set of slots or spans where a PDCCH is repeated. 
· Proposal 6: In order to use small DCI payload size for RedCap UE, DCI size budget and DCI size alignment rules should be further investigated in WI phase. 
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