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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 #101-e and #102-e meeting, the evaluation assumptions for RedCap power saving were agreed [1][2], which include the traffic models, and power consumption models. In this contribution, we first give the summary of the power saving techniques in Rel-16 and being studied in Rel-17 NR, which can be utilized by NR RedCap UE. To investigate the PDCCH monitoring reduction for power saving, we provide the evaluation results for BD reduction, including the power saving gain and PDCCH blocking rate. Based on the results, we analyse the pros and cons for different schemes to reduce BD/CCE.
UE power saving in NR
[bookmark: _Ref45118237]Rel-16 power saving techniques applicable for RedCap UE
UE power saving has been studied and specified in Rel-16. It should be firstly considered to reuse the Rel-16 and Rel-17 power saving features for a Rel-17 RedCap UE.  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.



Observation 1: The following Rel-16 power saving mechanism 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 other SIs/WIs
There are also some other Rel-17 items studying UE power saving, e.g. the WI for UE power saving enhancement and SI for small data enhancements. 
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 the support of such techniques by e.g. capability report. Particularly, for example, the design for UEs in IDLE/INACTIVE states in power saving WI should be applicable and utilized by RedCap UE, considering for eMBB UE, the reception bandwidth of IDLE mode UE are usually 20MHz. On the other hand, according to our investigation [3], the time and power distribution of typical wearable devices (smart watch) are shown in Figure 1. It is observed that IDLE mode contributes about 60% power consumption of the daily use. Therefore, it is strongly desired to use some techniques to reduce the UE power consumption in IDLE mode. Fortunately, the Rel-17 power saving WI is studying and specifying the power saving techniques for IDLE mode, which in our view can also be useful for RedCap UEs. The proposed enhancements for IDLE mode power saving can be found in our companion papers [3] and [4].

[bookmark: _Ref46483216][bookmark: _Ref46483213]Figure 1 The time and power distribution of typical wearable devices
For connected mode power saving, extension of DCI based power saving adaptation, including PDCCH skipping, monitoring periodicity adaptation and search space set switching in Rel-17 power saving WI, shall be also discussed and are expected to be specified. 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. 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 are also helpful for NR RedCap UEs to save power. 
Observation 2: The techniques discussed in other Rel-17 items including UE power saving enhancement and/or small data transmission are expected to be utilized by NR RedCap UEs for power saving purpose.
Therefore, the discussion in RedCap SI for power saving could focus on reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits for RRC connected state.
[bookmark: OLE_LINK23]Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits
[bookmark: OLE_LINK53][bookmark: OLE_LINK43]In RAN1 #102-e meeting, an email discussion regarding reduced PDCCH monitoring for RedCap UE was initiated [5], wherein the candidates of power saving techniques as follows were also discussed. 
· [bookmark: OLE_LINK47][bookmark: OLE_LINK48]Reduced blind decoding (BD) and/or CCE limits
· Dynamic adaptation of PDCCH monitoring or search space sets 
· 	Extending the PDCCH monitoring span gap from 1 slot to X slots (X>1) 
· 	Reduce number of maximum configurable CORESETS per BWP
[bookmark: OLE_LINK50]As we explained in the email discussion, it may be beneficial for RedCap UE to support dynamic adaptation of PDCCH monitoring or search space set, however it shall be already discussed in Rel-17 Power Saving WI. It would be better to reuse the discussion in Rel-17 power saving WI. For the 3rd sub-bullet, in our view, if we increase the PDCCH monitoring periodicity and use cross-slot scheduling, the PDCCH processing can be relaxed. It should be further clarified what additional power saving can be obtained by defining new PDCCH monitoring span gap. As for the last sub-bullet, why smaller number of CORESET can potentially provide power gain is that the number of BD/CCE is reduced accordingly. Therefore it is preferable to focus on reduced blind decoding (BD) and/or CCE limits for RedCap UE power saving in RAN1, which is also consistent with the objective specified in SID [6].
[bookmark: OLE_LINK49]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 [5]) 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, we have the following proposal.
Proposal 1: For NR RedCap UE, the CCE limit is the same as that for the NR legacy UE.
[bookmark: OLE_LINK17][bookmark: OLE_LINK27]Reduced BD numbers
According to the discussions and contributions in RAN1 #102-e, there are mainly two ways to reduce the number of BDs, one is BD reduction by reducing the DCI size budget, and the other one is BD reduction with the same DCI size budget. The concepts of the two ways are illustrated in Figure 2, where the PDCCH candidates for AL4 is used to show how the BD number is reduced for the two ways. In the following sections the two ways are discussed in terms of power saving gain and PDCCH blocking rate.
[image: ]
[bookmark: _Ref53664115]Figure 2 Illustration for different ways to reduce BD number (AL=4)
Power saving gain 
[bookmark: OLE_LINK7]According to the UE power saving evaluation methodology in TR 38.840 [7] and power model agreed in RAN1#102 [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 legacy maximum BD numbers, e.g. 36 for 30kHz SCS. In the email discussion, the detail of the evaluation methodology has been discussed. Based on this, some evaluation results related to approximately 50% reduction in BDs are summarized in Table 2. Other results, e.g. for BD reduction of 25% and 75%, shall be provided in the RedCapPowerTemplate. Besides the power saving in this section, in the simulation, the average PDCCH blocking rates due to the BD reduction by using these two ways are analyzed in section 3.2.2. The simulation assumptions can be found in the Appendix. 
Table 2. Power saving gain at approximately 50% reduction in BDs for different traffic models
	 RX configuration
	Methods to reduce BD numbers
	Power saving gain at approximately 50% reduction in BDs for instant message traffic model
	Power saving gain at approximately 50% reduction in BDs for heartbeat traffic model
(inactivity timer = 200 msec)
	Power saving gain at approximately 50% reduction in BDs for VoIP traffic model


	FR1 TDD 1Rx
	BD reduction with the same DCI size budget
	 1.6%
	0.4%
	 5.7%

	
	BD reduction by reducing the DCI size budget
	 1.7%
	0.4%
	 5.78%

	FR1 TDD 2Rx
	BD reduction with the same DCI size budget
	1.5%
	0.4%
	5.69%

	
	BD reduction by reducing the DCI size budget
	1.63%
	0.4%
	5.7%



[bookmark: OLE_LINK44][bookmark: OLE_LINK45]It can be observed that regardless of RX antenna number, the power saving gain is about 2% and 6% for the instant message traffic model and VoIP traffic model respectively. For the heartbeat traffic model, due to the low mean inter-arrival time, small packet size as well as long C-DRX cycle, little power saving gain is obtained. 
Furthermore, the power saving gain for VOIP and instant message is limited by the setting of C-DRX. For the agreed C-DRX setting, 4ms ON duration timer and 10ms inactivity timer are assumed for 40ms DRX cycle. In the worst case, the PDCCH is monitored in 14ms of every 40ms. This scales down the power saving gain by BD reduction. If gNB configures UE with longer ON duration time to increase the scheduling flexibility in case more UEs needs to be scheduled, the power saving gain would be further increased.
Observation 4: the power saving gain is about 2% and 6% for the instant message traffic model and VoIP traffic model respectively. 
Observation 5: For the heartbeat traffic model, due to the low mean inter-arrival time, small packet size as well as long C-DRX cycle, little power saving gain is obtained.
In summary, reduced BD limitation can provide attractive power saving gain for some traffic model, e.g. for VOIP. Meanwhile, reduced BD number can also be beneficial for UE complexity reduction for PDCCH processing. Considering the introduced power saving gain, it is suggested to introduce the reduced BD limitation for RedCap UEs by a simple solution.
Proposal 2: Reduced BD limitation is supported for RedCap UEs.
Additionally based on the above evaluation results, it can be observed that although different PDCCH blocking rate will occur for different ways as evaluated in section 3.2.2, there is no obvious difference for the power saving gain when BD reduction by reducing the DCI size budget and BD reduction with the same DCI size budget are considered. This is because when the PDCCH blocking rate is increased, the PDCCH for scheduling may be postponed to the next slots within the same DRX cycle or to the next DRX cycle. The VoIP packets is small and is expected to be scheduled in few or even single slots. Considering this, if the scheduling is postponed to the next slots within the same DRX cycle, it results in more ‘PDCCH-only’ slots and less ‘sleep’ slots, which will increase the power consumption. However, on the other hand, if the scheduling is postponed to the next DRX cycle, which implicates that the inactivity timer does not start in the first DRX cycle because the VoIP packets are not scheduled in the DRX cycle, the ‘PDCCH-only’ slots would be reduced, which will reduce the power consumption. The combined effects may result in similar power saving gain achieved by these two ways especially for the assumed traffic model and C-DRX settings. If the ON duration time is configured to be longer to resolve the PDCCH blocking issue, a higher PDCCH blocking rate would infer a higher power consumption. 
[bookmark: OLE_LINK69][bookmark: OLE_LINK70]The impact of PDCCH blocking rate is further evaluated with respective to the latency performance. The latency for the cell edge UEs, i.e. using AL=8, is simulated and shown in Figure 3. According to R1-070674, a VoIP user is in outage (not satisfied) if 98% radio interface tail latency of this user is greater than 50 ms. It can be observed that when BD reduction with the same DCI size budget is considered, about 16% packets cannot meet the VoIP latency requirement due to the higher PDCCH blocking rate. However, the latency shall not be impacted if BD reduction by reducing the DCI size budget is used (see the blue curve). From this aspect, it can be concluded that if the BD reduction with the same DCI size budget is assumed, the number of outage UEs would be increased due to the higher PDCCH blocking rate. 
[image: ]
[bookmark: _Ref53685229][bookmark: _Ref53685212]Figure 3. Latency for different ways to reduce BD number when VoIP traffic model is assumed.
Observation 6: When BD reduction with the same DCI size budget is considered, the number of outage UEs would be increased due to the higher PDCCH blocking rate.
[bookmark: _Ref53492850]PDCCH blocking rate
[bookmark: OLE_LINK52][bookmark: OLE_LINK54]In this section, the PDCCH blocking rates incurred respectively by BD reduction with the same DCI size and by BD reduction via reducing the DCI size budget are compared. According to Figure 2, it can be easily understood that the PDCCH blocking rate for baseline (i.e. no BD reduction) is the same as the one for BD reduction by reducing the DCI size budget. The evaluation results related to approximately 50% reduction in BDs are shown in the following figures. The simulation assumptions can be found in the Appendix. Other results can refer to the RedCapPowerTemplate that shall be circulated in October 21, 2020.
[bookmark: OLE_LINK55][bookmark: OLE_LINK56]The PDCCH blocking rate for RedCap UE using 2Rx and 1Rx for reception are shown respectively in the following Figure 4-(a) and Figure 4-(b), when the simultaneously scheduled UE number in a slot are 10. 
	
[image: ]
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	(a)
	(b)


Figure 4 PDCCH blocking rate for RedCap UE using 2RX or 1Rx when simultaneously scheduled UE number in a slot is 10.
It can be observed that the PDCCH blocking rate incurred by BD reduction with the same DCI size shall be larger than the one of BD reduction by reducing the DCI size budget. Actually, as shown in Figure 2, the BD reduction by reducing the DCI size budget shall not impact the PDCCH blocking rate compared with the baseline. The average PDCCH blocking rate is increased by about 40% and 20% for RedCap UEs using 2RX and 1RX for reception respectively. 
Observation 7: By reducing 50% PDCCH candidates with unreduced DCI size budget, the average PDCCH blocking rate is increased by about 40% and 20% for RedCap UEs using 2RX and 1RX respectively for reception when the simultaneously scheduled UE number are 10.
Based on Observation 6 and 7, the BD reduction with the same DCI size budget will increase the PDCCH blocking rate, which results in the larger latency and imposes restrictions on scheduling flexibility at gNB side. Accordingly the system level performance and the user’s experience, e.g. for VoIP, would be affected significantly. On the contrary, the BD reduction by reducing DCI size budget reduces the maximum BD numbers to obtain reasonable power saving gains, which shall have no or little constraint on scheduling flexibility at gNB side. Therefore it is preferable to support BD reduction by reducing the DCI size budget. 
Proposal 3: Support BD reduction by reducing the DCI size budget, which are observed by evaluation to be with no or little constraint on scheduling flexibility, lower PDCCH blocking rate and attractive power saving gain for RedCap UE.
As further investigation, the PDCCH blocking rate are evaluated for the solution of BD reduction by reducing the DCI size budget from perspective of different RX numbers, different simultaneously scheduled UE numbers, and different DCI size. 
In Figure 5, the impact of different RX number on the PDCCH blocking rate is evaluated when the simultaneously scheduled UE number are 10. It can be observed that the average PDCCH blocking rate is increased by about 70% if the Rx number used by UE is decreased from 2 to 1. It can be expected the impact shall restrict the scheduling flexibility at gNB side. Accordingly the system level performance as well as the user’s experience as analyzed above would be more significantly impacted for UE using 1RX for reception. 

[image: ]
Figure 5. PDCCH blocking rate for RedCap UEs using 1RX and 2RX for reception when the simultaneously scheduled UE number in a slot is 10
Observation 8: The system impact and user experience degradation due to the reduction of BD would be more significant for UE using 1 Rx compared with UE using 2Rx for reception.
Figure 6 shows the impact of the simultaneously scheduled UE number on the PDCCH blocking rate wherein the RedCap UEs using 2RX is assumed. According to the figure, it can be observed that the average PDCCH blocking rate increases by about 170% when the simultaneously scheduled UEs are increased from 5 to 10. 
[image: ]
Figure 6. PDCCH blocking rate for RedCap UEs using 2RX when the simultaneously scheduled UE number in a slot is 5 and 10.
Observation 9: For UEs using 2Rx for reception, the average PDCCH blocking rate increases by about 170% when the simultaneously scheduled UEs are increased from 5 to 10.
Figure 7 depicts the impact of the different DCI size on the PDCCH blocking rate wherein the RedCap UEs using 2RX is assumed. The simultaneously scheduled UE number in a slot is 10. According to the figure, it can be observed that the average PDCCH blocking rate increases by about 35% when the DCI size (not including CRC) is increased from 40 bits to 60 bits. 
[image: ]
Figure 7. PDCCH blocking rate for RedCap UEs using 2RX when DCI size is 40 bits and 60 bits (not including CRC)
Observation 10: For UEs using 2Rx for reception, the average PDCCH blocking rate increases by about 35% when the DCI size (not including CRC) is increased from 40 bits to 60 bits.
The implications/observations from the above analysis should be taken into consideration for RedCap discussion to maintain an acceptable average PDCCH blocking rate. For example, to mitigate the larger PDCCH blocking rate incurred by the larger number of simultaneously scheduled UEs, it would be beneficial to configure multiple narrow bands for RedCap UEs to achieve load balance. In addition, smaller DCI size would be preferred to reduce the PDCCH blocking rate, with no or little constraint on scheduling flexibility and meanwhile to achieve power saving gain. 
[bookmark: OLE_LINK74][bookmark: OLE_LINK75]Proposal 4: The implications/observations from the evaluations of PDCCH blocking rate should be taken into consideration for RedCap discussion to maintain an acceptable PDCCH blocking rate, e.g. introduction of multiple narrow bands for load balance, smaller DCI size preferred for RedCap UEs etc. 

[bookmark: _Ref129681832]Conclusions
According to the previous discussion, we have the following observations and proposals:
Observation 1: The following Rel-16 power saving mechanism 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
Observation 2: The techniques discussed in other Rel-17 items including UE power saving enhancement and/or small data transmission are expected to be utilized by NR RedCap UEs for power saving purpose.
Observation 3: Fewer number of CCEs is expected to provide limited power saving benefit, while introducing scheduling constraints at gNB side.
Observation 4: the power saving gain is about 2% and 6% for the instant message traffic model and VoIP traffic model respectively. 
Observation 5: For the heartbeat traffic model, due to the low mean inter-arrival time, small packet size as well as long C-DRX cycle, little power saving gain is obtained.
Observation 6: When BD reduction with the same DCI size budget is considered, the number of outage UEs would be increased due to the higher PDCCH blocking rate.
Observation 7: By reducing 50% PDCCH candidates with unreduced DCI size budget, the average PDCCH blocking rate is increased by about 40% and 20% for RedCap UEs using 2RX and 1RX respectively for reception when the simultaneously scheduled UE number are 10.
Observation 8: The system impact and user experience degradation due to the reduction of BD would be more significant for UE using 1 Rx compared with UE using 2Rx for reception.
Observation 9: For UEs using 2Rx for reception, the average PDCCH blocking rate increases by about 170% when the simultaneously scheduled UEs are increased from 5 to 10.
Observation 10: For UEs using 2Rx for reception, the average PDCCH blocking rate increases by about 35% when the DCI size (not including CRC) is increased from 40 bits to 60 bits.
Observation 11: some potential enhancement to reduce the average PDCCH blocking rate can be considered, e.g. configuring multiple narrow bands to achieve load balance, configuring smaller DCI size for RedCap UEs, and etc. 
Proposal 1: For NR RedCap UE, the CCE limit is the same as that for the NR legacy UE.
Proposal 2: Reduced BD limitation is supported for RedCap UEs.
Proposal 3: Support BD reduction by reducing the DCI size budget, which are observed by evaluation to be with no or little constraint on scheduling flexibility, lower PDCCH blocking rate and attractive power saving gain for RedCap UE.
Proposal 4: The implications/observations from the evaluations of PDCCH blocking rate should be taken into consideration for RedCap discussion to maintain an acceptable PDCCH blocking rate, e.g. introduction of multiple narrow bands for load balance, smaller DCI size preferred for RedCap UEs etc.
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Appendix
The simulation assumptions for power saving gain evaluation are provided in Table A1.
Table A1. The simulation assumption for power saving gain evaluation
	[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Parameters
	Values

	Cell Number
	21

	UE number per cell
	10

	Deep Sleep (PDS)
	0.8

	Light Sleep (PLS)
	18

	Micro sleep (PMS)
	31

	PDCCH-only (PPDCCH)
	50 for same-slot scheduling

	PDCCH + PDSCH (PPDCCH+PDSCH)
	120

	PDSCH-only (P_PDSCH)
	112

	SSB/CSI-RS proc. (PSSB)
	50

	Intra-frequency RRM measurement (Pintra)
	[60] 
[80] 

	Inter-frequency RRM measurement (Pinter)
	[60]
[80]

	Rules for power determination
	Rule 2: For both 1 Rx and 2 Rx configuration,
- P(α) = max (Micro-sleep, α ∙ Pt + (1 – α) ∙ 0.7Pt))
- Pt is the PDCCH-only power for same slot and cross-slot scheduling cases.

	Additional transition energy and total transition time
	Same as in Table 19 of TR 38.840



The simulation assumptions for PDCCH blocking rate evaluation are provided in Table A2.
Table A2. The simulation assumption for PDCCH blocking rate evaluation
	Parameters
	Values

	SCS/BW  
	FR1: 30KHz/20MHz; 

	CORESET duration 
	2 symbols

	DCI size
	40 bits (Not including CRC);

	Delay toleration (Slot)
	1

	AL distribution for [1 2 4 8 16]
	[0.5, 0.4, 0.05, 0.03, 0.02] for RedCap UE using 2Rx;
[0.3, 0.5, 0.10, 0.06, 0.04] for RedCap UE using 1Rx.

	Simultaneously scheduled UE number
	5; 10

	Number of DCI sizes to monitor per PDCCH candidate
	For the reference case, i.e., with no reduction in BD limit: 2;
For BD reduction with the same DCI size budget: 2;
For BD reduction by reducing DCI size budget: 1

	Number of candidates for each AL for the reference case, i.e., with no reduction in BD limit
	[6 6 2 2 1] for AL = [1 2 4 8 16])



Time distribution of wearable devices


Connected mode accumulate time(minutes)	IDLE mode accumulate time(minutes)	40	1400	

Power consumption distribution of wearable devices


Connected mode energy	IDLE mode energy	1720	2623.1111145285536	
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