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1. Introduction
The SI [1] to support reduced capability devices in NR has been approved in RAN#86 with the goal to allow implementation of low-cost, low-power and small form-factor devices. 
Potential NR power saving techniques have been studied in SI RP-181463 and the report is available in TR 38.840 [2]. The resulting WI RP-191607 [3] focused on reducing PDDCH monitoring in RRC_CONNECTED by specifying a PDCCH-based wake-up signal. It has been agreed that techniques to reduce PDCCH monitoring in RRC_IDLE/INACTIVE are studied in the power saving SI. Therefore, this agenda item focuses on the potential relaxations of the existing PDDCH monitoring requirements for REDCAP devices.
2. Discussion
UE power consumption can be decreased by reducing PDCCH monitoring occasions or PDCCH blind decoding attempts.
The following has been agreed in the [1]:
Objective of SI:
· 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 RAN1#102-e meeting no clear agreement was reached about the BD and CCE reduction for the RedCap UEs due to being in its initial phase. However, reducing the Rel-15/16 BDs to smaller values for the RedCap UEs and introducing new schemes (i.e. group scheduling, compact DCI format) to reduce the PDCCH blocking probability were heavily discussed.
In this contribution, we provide our views on reduced number of blind decoding for RedCap UEs and discuss its impact on the power saving and PDCCH processing relaxation aspects. Furthermore, this contribution discusses a potential scheme of reducing the PDCCH blocking probability which occurs due to reduced number of BD.
The UE requirements for blind decoding attempts and CCEs, as specified in TS 38.213, are given below 
[image: ]
[image: ]
Moreover, the UE has the following additional requirements:
· Maximum of 3 CORESETs configured
· Maximum of 10 search space sets
· UE must be capable of monitoring 3 DCI format sizes scrambled with C-RNTI
· UE must be capable of monitoring 1 DCI format scrambled not with C-RNTI 
A UE should be able to monitor at least 1 DCI format size scrambled with C-RNTI for UL or DL transmission as well as 1 DCI format size with non-C-RNTI scrambled CRC including power saving DCI with PS-RNTI.
Observation 1: Current requirements on PDCCH monitoring present a high complexity at the UE.
In our view, the number of different DCI formats to monitor needs to be reduced to reduce blind decoding complexity. This can be achieved by aligning the DCI format size and differentiating DCI formats via payload. A new compact DCI format for redcap should also be considered.
Proposal 1: Study reduction of requirement on DCI format sizes to monitor.
In Rel-16, the power saving (PS) WI introduced techniques to reduce PDCCH monitoring in connected mode. It should be ensured that those techniques can be applied to redcap devices. 
Proposal 2: Reduced capability UE should support power saving schemes developed in PS work item [3].
Another factor to consider are the potential PDCCH coverage recovery methods. For instance, if intra-slot time repetitions are used, the UE potentially needs to do channel estimation for all repetitions within the slot in order to combine the soft bits before decoding. This increases the number CCEs requiring channel estimation within a slot and hence should be considered when discussing the limits in Table 10.1-3 in TS 38.213.
Proposal 3: Potential PDCCH coverage recovery solutions should be considered when discussing the CCE limits reduction.
3. Views on PDCCH Blind decoding reduction for RedCap Devices 
According to the UE Power saving methodology in TR 38.840[2], power scaling of the PDCCH candidate reduction for NR RedCap UE (for same slot scheduling only) can be modelled as follows:
		Equation 1
where α is the ratio of reduced PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0). Pt is the PDCCH-only power for the same-slot scheduling. The PDCCH power saving is a specific percentage of the overall UE power saving and equation 1 can be used to compute the PDCCH(only) power saving enhancement. 
Moreover, according to the power saving evaluation methodology in TR 38.380[2], power saving gain (PSG) for a proposed enhancement scheme is estimated according to the following equation:
		 Equation 2
where  and  are average power of baseline and proposed enhancement scheme, respectively. To verify power saving gain of RedCap UE by reducing the number of BD, we use the above two equations and considers the following parameters. 
· FR1 (30 kHz SCS): 2-symbol PDCCH, 36 BDs, maximum number of CCEs=56
· FR2 (120 kHz SCS): 2-symbol PDCCH, 20 BDs, maximum number of CCEs=32
Simulation results of power saving vs number of BDs are illustrated in Figure 1 and Figure 2. 
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  Figure 1: Power saving gain for Reduced number of BD				Figure 2: Power saving gain for Reduced number of BD   
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Based on the analysis of Fig 1 and 2, reducing the number of blind decoding to half of the maximum BD limit (i.e. from 36 to 18) can achieve 15% PDCCH (only) power saving gain. Further reduction of BD to 1 can achieve power saving gain of 29.1% in case of FR1 SCS 30KHz and 28.5% in case of FR2 SCS 120 KHz. There is a significant improvement in power saving gain when reducing the number of BD to half of the maximum limit and it is also beneficial to relax the RedCap UEs PDCCH processing timeline. In addition, more power saving gain could be obtained due to more reduced BD numbers, but few BD numbers will restrict the gNB scheduling flexibility and increase the UE PDCCH blocking probability. 
Observation 2: Reducing number of BD can accomplish significant power saving gain for the RedCap UEs.
4. Views on PDCCH blocking probability Reduction 
As discussed in the above section, reduced number of BD will increase the UE PDCCH blocking probability. To reduce the PDCCH blocking probability, some potential schemes may be considered. One of the possible scheme is delay tolerance based sub-group scheduling. Before going into delay tolerance based sub-groups scheduling details, first we discuss RedCap UEs sub-grouping.
4.1 RedCap UEs sub-grouping 
RedCap UEs have diverse application scenarios and according to the study item, it can be categorized into three main use cases, such as Industrial wireless sensors, video surveillance, and wearables. Each use cases have different requirements as illustrated in Table 1[3].
Table 1: RedCap UEs Use Cases and its Requirements
	Use Cases
	Latency Requirements
	Data Rate
	Reliability/ Availability
	Battery Life Time

	Industrial Sensors
	< 100ms
5-10ms for safety relates sensors
	<2Mbps
	Availability: 99.99%
	Few Years

	Video Surveillance
	<500ms
	2-5 Mbps for economic videos
7-25 Mbps for High def Video 
	Reliability: 99-99.9%
	N/A

	Wearables
	N/A
	5-50 Mbps in DL and 2-5 MPbs in UL
	N/A
	1-2 weeks 


Based on RedCap UEs use cases and its requirements as shown in Table 1, RedCap UEs can be distributed into X sub-groups, where X = {0, 1, 2, …, N}. For example, based on latency requirements RedCap UEs can be distributed into X number of low delay tolerance and X number of high delay tolerance sub-groups. In addition, sub-groups indication can be considered by using the reserved B bits in PDCCH. Two possible mapping schemes of sub-groups indication/formation are explained below to define different RedCap UEs sub-groups.
Scheme 1: Code based mapping: In this scheme different codes M of the reserved bits B in PDCCH are mapped to different UE sub-groups. This scheme can have  codes combination and it is very beneficial due to its multiple choices of codes by using less bits. Moreover, this scheme can assign a unique code to each sub-group which is easy to differentiate.
Scheme 2: Bitmap based mapping. In this scheme each bit in the PDCCH can be mapped to a sub-group. This scheme can use two methods for mapping, i.e. one-to-one mapping and one-to-many mapping. This scheme is easy to use but it may increase the PDCCH overhead in case of more sub-groups and it is difficult to differentiate sub-groups. 
Proposal 4: Study Codes based mapping for different RedCap UE sub-groups indication/formation.
 4.2 PDCCH blocking probability reduction with delay tolerance based sub-group scheduling
In this section, we discuss detail solution of reducing the PDCCH blocking probability which occurs due to reduced number of BD. This solution multiplexes different sub-groups into a single slot based on their delay tolerance and transmits their corresponding (group common) GC-DCI in that slot to schedule the sub-group UEs for their corresponding PDSCH/PUSCH. Three possible cases of delay tolerance based sub-group scheduling are explained below. In all cases we assume the following parameters as given in Table 3 [4].  
Table 3: Assumption for RedCap PDCCH monitoring
	Parameters
	Assumptions

	FR1 bandwidth 
	20 MHz 

	SCS
	30 KHz

	Corset duration 
	2 symbol

	The BD for R-15/16 UEs 
	36

	Assumed BD for RedCap UEs 
	18

	Maximum number of CCE per slot 
	56


Case 1: Single slot multiple sub-groups GC-DCI transmission with no sub-groups or individual UEs PDCCH blocking 
Case 2: Single slot multiple sub-groups GC-DCI transmission with possibility of a sub-group blocking
Case 3: Single slot multiple sub-groups GC-DCI transmission with possibility of some UEs of a sub-group blocking
In all of the above cases, the gNB can multiplex GC-DCI of low delay tolerance sub-groups in slot N to ensure its services on time, following by the GC-DCI of high delay tolerance sub-groups in slot N+1 or even N+2. In case 1, Each sub-group UEs can be scheduled to their corresponding PDSCH/PUSCH according to the GC-DCI. In case 2, with the possibility of sub-group blocking due to reduced BD, the gNB can multiplex the GC-DCI of blocked sub-group in the next slot for scheduling with the same rules, such as low delay tolerance sub-groups first following by high delay tolerance sub-groups. In case 3, with the possibility of some UEs blocking in a sub-group due to reduced BD, the gNB can use UE specific DCI to schedule the blocked UEs again in the next slot with the same rules, such as low delay tolerance UEs first following by high delay tolerance UEs. Based on delay tolerance sub-groups, slot N and slot N+1 would never be marked as ‘blocked’. The high delay tolerance brings more chances for the blocked sub-groups to schedule it again, which leads to reducing the blocking probability. 
Observation 3: From RedCap complexity and BD reduction perspective, the delay tolerance based sub-groups scheduling can: 
· Reduce the overall DCI overheads 
· Relax the UE PDCCH processing timeline 
· Enable power saving 
From reduced PDCCH blocking probability perspective, the delay tolerance base sub-groups scheduling can:
· Reduce the UE PDCCH blocking probability
· Increase the gNB scheduling flexibility 
Proposal 5: Study the RedCap UEs sub-group scheduling based on their delay tolerance to reduce the PDCCH blocking probability.
5. Conclusion
In this contribution the following proposals and observations have been made:
Observation 1: Current requirements on PDCCH monitoring present a high complexity at the UE.
Observation 2: Reducing number of BD can accomplish significant power saving gain for the RedCap UEs.
Observation 3: From RedCap complexity and BD reduction perspective, the delay tolerance based sub-groups scheduling can: 
· Reduce the overall DCI overheads 
· Relax the UE PDCCH processing timeline 
· Enable power saving 
From reduced PDCCH blocking probability perspective, the delay tolerance base sub-groups scheduling can:
· Reduce the UE PDCCH blocking probability
· Increase the gNB scheduling flexibility 
Proposal 1: Study reduction of requirement on DCI format sizes to monitor.
Proposal 2: Reduced capability UE should support power saving schemes developed in PS work item [3].
Proposal 3: Potential PDCCH coverage recovery solutions should be considered when discussing the CCE limits reduction.
Proposal 4: Study Codes based mapping for different RedCap UE sub-groups indication/formation.
Proposal 5: Study the RedCap UEs sub-group scheduling based on their delay tolerance to reduce the PDCCH blocking probability.
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Table 10.1-2: Maximum number M 4" of monitored PDCCH candidates per slot for a DL BWP with
SCS configuration 4 < {0.12.3} for a single serving cell

H Maximum number of monitored PDCCH candidates per slot and per serving cell My
0 44

1 36

2 22

3 20
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Table 10.1-3: Maximum number C;;;';" of non-overlapped CCEs per slot for a DL BWP with SCS
configuration 4 < {0.1.2.3} for a single serving cell

H Maximum number of non-overlapped CCEs per slot and per serving cell Cric "
0 56

1 56

2 48
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