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1 Introduction
RAN #86 initiated a study item “Support of Reduced Capability NR devices” [1] with the objectives to investigate and evaluate solutions to either reduce UE complexity or lower power consumption in the applicable use cases e.g. industrial wireless sensor, video surveillance and wearables. One objective to lower power consumption was captured in [1] which is justified by the limited mobility needs of the targeted RedCap devices: 
	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]


During the RAN1 #101 e-meeting, extensive discussions were carried out over email reflector to carefully scope the study areas on different design aspects. The following was agreed in the outcome of email discussion to study the power saving performance for RedCap devices by reusing the evaluation methodology for UE power saving from TR 38.840: 
	· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and resulting impacts on latency and scheduling flexibility (at least qualitatively).
· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate.

· For evaluation of UE power saving, for wearables, use the traffic models FTP model 3 and VoIP from TR 38.840 to characterize the wearables service types including IM, VoIP, heartbeat, etc. with proper modification of at least packet size and mean inter-arrival time. Values are FFS.
· For evaluation of UE power saving, for industrial wireless sensor use cases, use a traffic model based on the service performance requirements for the process monitoring use case in TS 22.104 Table 5.2-2. At least 64 bytes UL message (plus headers, e.g. MAC, RLC, etc.) transmitted periodically with a periodicity 100 ms should be considered (other values are encouraged).


In this contribution, we present some evaluation/analysis of the UE power consumption reduction techniques that have so far been agreed to be studied. The evaluation is based on the agreed evaluation methodology and assumption in TR 38.804. 

2. Discussion
2.1 Number of blind decoding attempts and non-overlapped CCEs 
Rel-15 puts certain restrictions on the maximum number of blind decoding (BD) and non-overlapped CCEs at each numerology to achieve a good tradeoff between device complexity and scheduling flexibility. The number of BDs was inherited from LTE design for 15kHz case and then is scaled down for other numerologies taken into other relevant factors. For 15/30/60/120 KHz SCS, up to 44/36/22/20 blind decoding attempts per slot can be configured across all DCI payload sizes. However, the number of candidates is not the only measure of device complexity for PDCCH monitoring operation but also channel estimation needs to be accounted for. As one consequence, the number of channel estimations for SCS of 15/30/60/120 KHz was additionally limited to 56/56/48/32 CCEs across all CORESETs in a slot. 
Considering the goal of reducing complexity, we believe the number of blind decoding and non-overlapped CCEs should be further reduced for the new NR-lite devices compared to Rel-15. NR PDCCH supports five different aggregation levels corresponding to 1,2,4,8.16 CCEs. This is well motivated by the wide range of deployment scenarios for Rel-15 NR, e.g. small cell vs. larger cell as well as high-speed train (HST) scenario. As captured in [1], low-end devices e.g. industrial wireless sensors and video surveillance are expected to be at low speed or even stationary, where the variations in the time domain are relatively slow. Hence, the aggregation levels for NR-lite device can be further reduced. To assist in the aggregation level selection, the RedCap devices can provide recommended ALs to gNB for PDCCH monitoring, e.g. based on inference status and speed information. 
NR supports two categorized search spaces set as follows: 
· Common search space (CSS): Type0/0A/1/2/3-PDCCH CSS
· UE-specific search space (USS)
For CSS, the message is targeted to a group of devices even before it has been assigned a unique ID e.g. for system information delivery, random-access procedure or paging operation. As summarized in Table 1 below, the number of CCE aggregation levels and blind decoding candidates per CCE aggregation level are predefined and hence know to all devices, regardless of their own identify. It is generally desirable for Redcap UEs to share CSS with legacy and normal UEs so as to avoid spectral efficiency loss. Hence, the study on BDs and non-overlapped CCE reduction for NR-lite devices should focus on USS.      
Table 1: CCE aggregation levels and maximum number of PDCCH candidates per CCE aggregation level for CSS sets configured by searchspaceSIB1
	CCE Aggregation Level
	Number of candidates

	4
	4

	8
	2

	16
	1



Proposal 1: 
· The maximum number of PDCCH candidates and non-overlapped CCEs for USS should be relaxed for RedCap devices. 
· The number of configurable aggregation levels for NR-lite devices can be further reduced compared to Rel-15 requirement. 
2.2 Cross-Slot Scheduling 
Table 2 summarized the battery requirement for reduced capability UEs. 
Table 2: Battery requirement for different use cases of reduced capability devices.
	
	Industrial wireless sensors
	Video Surveillance
	Wearables

	Battery target
	Few years
	-
	Multiple days (Up to 1-2 weeks)



A set of power saving schemes were introduced in Rel-16 under power saving work item, e.g. support of wake-up signal DCI format 2-6 and cross-slot scheduling. It should serve as the starting point for Rel-17 reduced capability UE to minimize the standard efforts. Some further relaxation should be considered for reduced capability devices. For example, to reduce complexity and power consumption, it would be beneficial, if a UE would not be required to support shared channel decoding in the same slot as control channel decoding, i.e., to only support cross-slot scheduling. This avoids the unnecessary buffering of received samples before the control channel has been decoded only because there might be some relevant data. It should be noted that cross-slot scheduling in Rel-16 is controlled by gNB. For RedCap devices, similar as eMTC in LTE, it should be applied for RedCap devices always not only to achieve the power saving target but also to reduce UE complexity. Hence, the following was proposed: 
Proposal 2: 
· RedCap UE should be allowed to support cross-slot scheduling only i.e K0>0 to not only reduce power consumption but also UE complexity. 
2.3. Evaluation Results of Reduced Number of Blind Decoding
In [2], a number of power consumption states were defined to model the UE power consumption based on the agreed reference configuration, including deep sleep, light sleep, micro-sleep, PDCCH-only, SSB or CSI-RS process, PDCCH+PDSCH as well as UL transmissions. In addition, the power consumption during the state transition was separately modeled. Furthermore, a set of power consumption scaling were introduced for adaption of BWP, aggregated CCs, number of Rx antennas as well as cross-slot scheduling. For PDCCH processing, the consumed power is linearly decreased when blind decoding number is reduced. Considering this as well as the baseline power consumption part, the power scaling for PDCCH candidate reduction was agreed to be modeled using a linear function as follows: 

Where  is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0).  is the PDCCH-only power for same-slot scheduling. 
A traffic model of FTP 3 was assumed with an average packet arrival time of 200 ms and a single user. File sizes of 0.1 MB and 0.5MB are evaluated following the assumption in TR 38.804. Figure 1 and 2 show average power consumption gain for different cases with 0.1MB and 0.5MB packet size. 
· Case 1: C-DRX only. 
· Case 2: C-DRX + Rel-16 Wake-Up Signal (WUS)
· Case 3: C-DRX + Rel-16 Cross-Slot Scheduling (CSS)
· Case 4: C-DRX + Rel-16 CSS + Rel-16 WUS
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Figure 1: Relative power consumption with reduced number of BDs (0.1MB packet size) 
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Figure 2: Relative power consumption with reduced number of BDs (0.5MB packet size) 

The relative power consumption in FIG.1/2 is normalized by power consumption of respective existing schemes, i.e. defines the ratio of the consumed power with reduced BDs to the power with existing BDs. As shown in FIG 1 and 2, the power consumption is decreased up to 24% when the BD is decreased from 36 to 2. However, it also comes at the cost of blocking other UEs scheduling. The exact blocking probability is determined by several factors, e.g. size of CORESET, aggregation level of co-scheduled users, the traffic arrival rates etc. The number of reduced BDs needs to carefully balance power saving gain against the associated PDCCH blocking probability. It should be noted that the latency requirement for some RedCap use cases are significantly relaxed, (e.g. <100ms for IWSN and <500ms for Video surveillance). Hence, increasing the latency to certain level becomes acceptable or not even noticeable for the RedCap device users, which achieves material power reduction at the device side. 

Table 1 summarized the power saving gain achieved by reducing BDs for different cases. Referring to FIG.1/2 and Table 1, the relative power consumption for reducing number of PDCCH blind decoding by half (i.e. reducing to 16) already can achieve up to 13% and 15% power saving gain relative to the corresponding Rel-16 schemes only. We believe it is a good trade-off between power consumption and latency performance and therefore should be supported for RedCap devices. 

Table 1: Power saving gain with PDCCH blind decoding 
	Power saving scheme 
	Packet size 
	Power saving gain
	Evaluation methodology
	Note 

	
	
	Case 1
	Case 2
	Case 3
	Case 4 
	
	

	Reducing USS PDCCH blind decoding from reference (36) to (32,16,8,4,2)
	0.1MB
	32  2.82%
16  14.1%
 8  19.8%
 4  22.6%
 2  24%
	 32  2.7 %
16  13.3%
 8  18.6%
 4  21.2%
 2  22.6%
	32  2.6 %
16  13.2%
 8  18.5%
 4  21.2%
 2  22.5%
	32  2.4 %
16  12.2%
 8  17.1%
 4  19.6%
 2  20.8%
	Numerical simulation

FTP3, inter-arrival 200ms, DRX configuration (160, 40, 8) with # blind decoding candidates = [32, 16, 8, 4, 2]. The baseline reference has the same DRX configuration but 36 blind decoding candidates.
	Single UE

	
	0.5MB
	32  2.4%
16  13.2%
 8  17.1%
 4  19.5%
 2  20.7%
	32  2.3 %
16  11.3%
 8  15.8%
 4  18.1%
 2  19.3%
	32  2.2 %
16  10.9%
 8  15.3%
 4  17.5%
 2  18.6%
	32  2.0 %
16  9.97%
 8  13.95%
 4  15.95%
 2  16.95%
	
	



Observation 1: 
· Reducing the number of PDCCH blind decoding candidates results in energy savings up to 25 %.
· Reducing the number of PDCCH blind decoding candidates by half can achieve power saving gain up to 13%-15% depending on packet size.  
Proposal 3: 
· Capture the power consumption evaluation results in Table 1 into RedCap TR. 
3. Conclusion 
In this contribution, we have presented our views on the PDCCH monitoring for reduced capability UEs. Based on the discussions above, the following was proposed: 
Observation 1: 
· Reducing the number of PDCCH blind decoding candidates results in energy savings up to 25 %.
· Reducing the number of PDCCH blind decoding candidates by half can achieve power saving gain up to 13%-15% depending on packet size.  

Proposal 1: 
· The maximum number of PDCCH candidates and non-overlapped CCEs for USS should be relaxed for RedCap devices. 
· The number of configurable aggregation levels for NR-lite devices can be further reduced compared to Rel-15 requirement. 
Proposal 2: 
· RedCap UE should be allowed to support cross-slot scheduling only i.e K0>0 to not only reduce power consumption but also UE complexity. 
Proposal 3: 
· Capture the power consumption evaluation results in Table 1 into RedCap TR. 
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