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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 #101-e meeting, some basic issues were discussed and the following power saving related agreements were made [1].
	Agreements:
· 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.
· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and impacts on latency and scheduling flexibility (at least qualitatively).

Agreements:
· 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.
Agreements:
· 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 not precluded).



Based on the above agreements, in this contribution, the following issues are discussed
1) power saving techniques studied and being studied in NR 
2) for RedCap, parameters of the traffic model for wearables 
3) analysis on PDCCH monitoring reduction by smaller numbers of blind decodes and CCE limits
UE power saving in NR
[bookmark: _Ref45118237]Baseline for power saving analysis
UE power saving has been studied and specified in Rel-16. It should be firstly questioned whether the features are applicable for a Rel-17 RedCap UE or not, and if not, what would be the necessary changes.  
Our preliminary analysis on the use of Rel-16 power saving mechanisms for RedCap are summarized in Table 1.
[bookmark: _Ref47374244]Table 1 Analysis for R16 power saving techniques
	Power saving techniques
	Can be utilized by RedCap UEs
	Detailed analysis

	PDCCH based wake-up indication 
	YES
	1) When a RedCap UE is in CONNECTED mode, it can be configured with C-DRX to save power. Wake-up indication bit before the ON duration of C-DRX cycle can be used to skip PDCCH monitoring in the C-DRX cycle to save power.
2) Dormancy indication is not needed considering RedCap UE are not likely to support CA.

	Cross-slot scheduling 
	YES
	1) Cross-slot scheduling based power saving can provide the power saving gain by avoiding unnecessary DL OFDM symbol buffering and by relaxing PDCCH processing. 
2) Cross-slot scheduling may introduce little latency increment. However, RedCap UEs with power saving requirements are usually not latency tolerant. 

	BWP based maximum MIMO layer adaptation
	YES
	1) For 2Rx UE, gNB can switch UE to a BWP with maximum MIMO layer of 1 for power saving purpose. In this case, UE can utilize one single Rx chain for power saving. 

	SCell dormancy like behaviour
	NO
	1) Dormancy like behaviour is a scheme to reduce PDCCH monitoring on SCell(s). 
2) Due to the relatively low data rate requirement, there is no need to support CA in RedCap, thus dormancy like behaviour is not needed by RedCap UEs.

	RRM relaxation for neighbour cell
	YES
	1) RRM relaxation is already part of the RedCap SID, thus the RRM relaxation schemes in Rel-16 should be utilized as baseline for RedCap.

	UE assistance information
	YES
	In Rel-16, the following assistance information are specified:
· RRC Release Request, to avoid waiting for RRC release message from gNB for a long time
· Preferred C-DRX configuration, to make C-DRX configuration more suitable 
· Preferred max aggregated Bandwidth, to make BWP parameter more suitable 
· Preferred max number of MIMO layers, to make MIMO parameter more suitable for UE’s traffic
· Preferred K0min/K2min value, to make cross-slot scheduling parameter more suitable
It is useful to let UE report necessary information to gNB, thus the above assistance information can be utilized for RedCap UE.



Proposal 1: The following Rel-16 power saving mechanism are the baseline for power saving discussion in RedCap, which can be utilized by RedCap UEs for power saving with potential modifications, if needed:
· PDCCH based wake-up indication
· Cross-slot scheduling 
· maximum MIMO layer adaptation
· RRM relaxation for neighbor cell (RAN2/RAN4)
· UE assistance information specified in Rel-16

UE power saving study in Rel-17 other than RedCap SI
There are also several Rel-17 items studying UE power saving, e.g. the UE power saving enhancement led by RAN1 and small data led by RAN2. 
From UE capability point of view, as long as the techniques to be specified in those WIs are not restricted to a e.g. BW larger than that a RedCap UE can support, it should be allowed for the UE to report support of such techniques by e.g. capability report. Particularly, for example, the design for UEs in IDLE/INACTIVE states seem to be common to a RedCap UE and a normal UE. More analysis/proposals can be found in out companion papers [2] and [3].  The discussion for RedCap UEs for power saving can focus on RRC connected state.
Regarding the connected mode UE power saving enhancement in power saving WI, extension of DCI based power saving adaptation, including PDCCH skipping, monitoring periodicity adaptation and search space set switching, would be specified in power saving WI. The Rel-17 connected mode extension of DCI based power saving is expected to be utilized by RedCap UE for further power saving.
Also, the traffic for wearable UE is usually sparse, and for heartbeat traffic, the packet size is usually small. A small data packet for heartbeat would trigger a RRC connection procedure. This would lead to much power consumption due to signaling overhead for RRC connection set-up. Therefore, the techniques discussed in small data transmission may be helpful for NR RedCap UEs to save power. 
Observation 1: The techniques discussed in other Rel-17 items including UE power saving enhancement and/or small data transmission may be utilized by NR RedCap UEs for power saving purpose.

Power saving for RedCap
Traffic model for wearables
In RAN1 #101-e meeting, it is agreed that traffic models FTP model 3 and VoIP are used to characterize the wearables service types including IM, VoIP, heart beat [1]. But the values for parameters (e.g. packet size and mean inter-arrival time) are still FFS. This section analyzes the service characteristics of wearable device, and propose the parameter values based on our observation.
Typically, the traffic of wearable devices is quite bursty and sparse. Before the transmission/reception of data, a UE need to transit from IDLE/INACTIVE mode to CONNECTED mode. The DL data reception or UL data transmission usually just need one or a few slots. After a period of time, during which the UE may only monitor PDCCH but without any scheduled data, the UE returns to IDLE/INACTIVE mode. An example is shown in in Figure 1.
[image: ]
Figure 1. [bookmark: _Ref39847597]An example for data arrival of wearable devices

Based on our observation of the traffic characteristic from wearable devices, the proposed parameters of traffic models for wearable devices are shown in Table 2. 
[bookmark: _Ref39044887]Table 2 Traffic models for power evaluation of wearable devices
	[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Service type
	Traffic model
	Note

	VoIP
	Follow R1-070674
	Including voice call, video call

	Instant message
	· FTP model 3
· Packet size: 100k Bytes
· Mean inter-arrival time: 640s
· Time between data transmission and  RRC release: 20s
	Including WeChat, Map, navigation, AI assistant

	Heart beat
	· FTP model 3
· Packet size: 100 Bytes
· Mean inter-arrival time: 300s
· Time between data transmission and  RRC release: 20s
	The application layer message from client to server to inform that the service is still alive. 



Proposal 2: Take the traffic models in the following Table for power consumption evaluation of wearable devices, if needed. 
	Service type
	Traffic model
	Note

	VoIP
	Follow R1-070674
	Including voice call, video call

	Instant message
	· FTP model 3
· Packet size: 100k Bytes
· Mean inter-arrival time: 640s
· Time between data transmission and  RRC release: 20s
	Including WeChat, Map, navigation, AI assistant

	Heart beat
	· FTP model 3
· Packet size: 100 Bytes
· Mean inter-arrival time: 300s
· Time between data transmission and  RRC release: 20s
	The application layer message from client to server to inform that the service is still alive. 



[bookmark: OLE_LINK23]Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits
Overview of NR PDCCH monitoring design 
Numbers of blind decodes and CCE limits are identified by the WID for RAN1 to be further investigated for UE power saving. 
In Rel-15 NR PDCCH monitoring design, the followings were specified.
· [bookmark: OLE_LINK4]Maximum number of monitored PDCCH candidates-
UE PDCCH blind decoding (BD) capability is defined for monitoring PDCCH(s) of UE wherein the exact aggregation levels and number of decoding candidates per aggregation level are configurable. This can be considered as a benchmark for the gNB when configuring aggregation levels and/or the number of PDCCH candidates for each aggregation level. The maximum number of monitored PDCCH candidates for operation with a single cell is as follows [4].


Table 3 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



· [bookmark: OLE_LINK5]Maximum number of non-overlapped CCEs


Table 4 provides the maximum number of non-overlapped CCEs, , for a DL BWP with SCS configuration  , for which a UE is not expected to receive more CCEs per slot per carrier [4].


[bookmark: _Ref45122925]Table 4 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



In Rel-16, the maximum number of monitored PDCCH candidates and maximum number of non-overlapped CCEs are further enhanced to support increased PDCCH monitoring capability in terms of a span of different span patterns.
Evaluation on NR PDCCH monitoring reduction
The impact of reducing BD numbers and CCE limits are analysed here. 
· Reduced BD numbers
According to the UE Power Saving Evaluation Methodology in TR 38.840[5], the power scaling for PDCCH candidate reduction for NR RedCap UE (for same slot scheduling only) can be modelled as follows:
P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]where α is the ratio of the reduced number of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0). Pt is the PDCCH-only power for same-slot scheduling. Based on the above model, an upper bound of 15% power saving gain is expected if the maximum BD numbers for NR RedCap UE is reduced to half of the current maximum BD numbers. Although more power saving gain could be obtained due to more reduced BD numbers, but few BD numbers will restrict the scheduling flexibility. From this perspective, for NR RedCap UEs, the maximum number of monitored PDCCH candidates per slot for a DL BWP of a single serving cell should be no less than X, where X is half of the current maximum BD numbers as an example. Additionally the reduced BD numbers is beneficial for relaxing UE processing timeline, and the time consumed for PDCCH blind detection can be reduced and accordingly more time can be left for PDSCH/PUSCH processing.
[bookmark: OLE_LINK24]Observation 2: An upper bound of 15% power saving gain is expected if the maximum BD numbers for NR RedCap UE is reduced to half of the current maximum BD numbers according to the power saving rule in TR 38.840.
· CCE limits
CCE limit mainly contributes to the complexity of channel estimation. Fewer PDCCH candidate number of decoding candidates per aggregation level (i.e. nrofCandidates as specified in [6]) would result in fewer number of CCEs and correspondingly lower complexity of channel estimation. However the fewer number of CCEs would bring scheduling constraint at gNB side. Additionally referring to the discussion in Rel-16 UE power saving, the impact on power saving by reducing CCE limits can be ignored. So the CCE limits for the NR RedCap UE is preferred to be the same as the NR legacy UE. 
Observation 3: Fewer number of CCEs is expected to provide limited power saving benefit, while introducing scheduling constraints at gNB side.
Based on the analysis above, it is proposed to just consider maximum half BD reduction for power saving.
Proposal 3: For NR RedCap UE, the maximum number of monitored PDCCH candidates per slot for a DL BWP of a single serving cell is no less than X, e.g. X is half of the current maximum BD numbers.
Proposal 4: For NR RedCap UE, the CCE limit is the same as that for the NR legacy UE.
[bookmark: OLE_LINK26]Initial considerations on BD numbers reduction
Several options can be considered to reduce the BD numbers. 
Option 1: Restriction on the number of configured search space sets and CORESETs
The reduced maximum BD numbers per slot for a DL BWP for a single cell can be achieved through the restriction on the number of search space sets and CORESETs. This could be based on implementation to configure fewer search space sets and CORESETs or introduce new limitation on the number of configurable search space set(s) and CORESET(s).
However this would increase the PDCCH blocking probability, which accordingly impacts the PDCCH transmission for NR RedCap UE. This imposes restrictions on scheduling flexibility at gNB side, which may significantly impact the system level performance. 
Option 2: Reduced number of different DCI size
NR RedCap UE could reuse the legacy designs on search space/CORESET configuration and the total number of different DCI sizes. In this case, NR RedCap UE counts the valid PDCCH candidates for monitoring based on the maximum BD number as proposed in the above section (i.e. no less than half of the current maximum BD numbers). This will impact the PDCCH scheduling flexibility at gNB side, and may block the PDCCH transmission of RedCap UEs. 
As specified in [7], the total number of different DCI sizes, which are configured to be monitored, is no more than 4, in which up to 3 sizes of DCI formats with CRC scrambled by C-RNTI per serving cell can be configured. If the maximum number of different DCI size is reduced for RedCap UEs to reduce the maximum BD numbers, the impact on scheduling flexibility can be minimized at gNB side given that some of the DCI sizes would be rarely configured to a RedCap UE. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK27]Proposal 5: Do not restrict the configurations of search space sets and CORESETs for NR RedCap UEs for BD reduction.
Proposal 6: Consider to reduce the number of different DCI size to reduce maximum BD numbers for RedCap power saving.

[bookmark: _Ref129681832]Conclusions
According to the previous discussion, we have the following observations and proposals:
Observation 1: The techniques discussed in other Rel-17 items including UE power saving enhancement and/or small data transmission may be utilized by NR RedCap UEs for power saving purpose.
Observation 2: An upper bound of 15% power saving gain is expected if the maximum BD numbers for NR RedCap UE is reduced to half of the current maximum BD numbers according to the power saving rule in TR 38.840.
Observation 3: Fewer number of CCEs is expected to provide limited power saving benefit, while introducing scheduling constraints at gNB side.

Proposal 1: The following Rel-16 power saving mechanism are the baseline for power saving discussion in RedCap, which can be utilized by RedCap UEs for power saving with potential modifications, if needed:
· PDCCH based wake-up indication
· Cross-slot scheduling 
· maximum MIMO layer adaptation
· RRM relaxation for neighbor cell (RAN2/RAN4)
· UE assistance information specified in Rel-16
Proposal 2: Take the traffic models in the following Table for power consumption evaluation of wearable devices, if needed. 
	Service type
	Traffic model
	Note

	VoIP
	Follow R1-070674
	Including voice call, video call

	Instant message
	· FTP model 3
· Packet size: 100k Bytes
· Mean inter-arrival time: 640s
· Time between data transmission and  RRC release: 20s
	Including WeChat, Map, navigation, AI assistant

	Heart beat
	· FTP model 3
· Packet size: 100 Bytes
· Mean inter-arrival time: 300s
· Time between data transmission and  RRC release: 20s
	The application layer message from client to server to inform that the service is still alive. 


Proposal 3: For NR RedCap UE, the maximum number of monitored PDCCH candidates per slot for a DL BWP of a single serving cell is no less than X, e.g. X is half of the current maximum BD numbers.
Proposal 4: For NR RedCap UE, the CCE limit is the same as that for the NR legacy UE.
Proposal 5: Do not restrict the configurations of search space sets and CORESETs for NR RedCap UEs for BD reduction.
Proposal 6: Consider to reduce the number of different DCI size to reduce maximum BD numbers for RedCap power saving.
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