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1. Introduction
In previous meetings, it is listed up that the potential power saving techniques to be further studied in time/frequency/spatial domain. Moreover, UE assistance information for UE adaption is also discussed and listed up. This contribution discusses UE adaption to the traffic and UE power consumption characteristics. We continue to discuss potential approaches and scheme to efficiently manage UE power consumption.
2. Discussion 
2.1. UE power saving in time domain
For cross-slot scheduling and same slot scheduling with TDRA restriction, UE power saving gain is coming from skipping data buffering after PDCCH reception for potential PDSCH reception and/or potential CSI measurement for aperiodic CSI reporting. In last meeting, technical descriptions and general procedures for cross-/same-slot scheduling were agreed as potential techniques for power saving.  
When there is no traffic, skipping the UE behaviour such as data buffering could be beneficial to reduce UE power consumption. On the other hand, when DL packet arrives, considering latency requirement, data buffering at UE side would be needed to boost throughput performance. So, it is beneficial that the restriction on data buffering for PDSCH and/or CSI reference resources reception can be dynamically indicated by gNB to UE via MAC message or L1 signalling. For instance, two BWP can be configured, and UE would not need to perform data buffering in 1st BWP while UE may perform data buffering in 2nd BWP. In this case, DCI indicating active DL BWP switching can be used to adjust UE behaviour on data buffering. Alternatively, UE behaviour on data buffering can be associated with DRX operation. To be specific, during the DRX ON (drx-onDurationTimer is running) before any new scheduling, UE does not expects to perform data buffering. After PDCCH indicating new transmission is scheduled (or, drx-InactivityTimer is running), UE may expect to perform data buffering.
Proposal 1: To further reduce UE power consumption for PDCCH-only state, it can be considered to dynamically adjust UE behaviour on data buffering. FFS on the triggering mechanism for the restriction on buffering for PDSCH reception and/or CSI reference resources reception.
Meanwhile, for some cases, skipping data buffering may be inefficient or cannot be used. To be specific, in case of broadcast message such as SI, RAR, paging DCI (including SI change notification), same-slot scheduling with data buffering can be used, and DCI addressed to C-RNTI in CSS in CORESET 0 can use default time-domain resource assignment which does not support cross-slot scheduling. If the restriction on data buffering is introduced, it would be necessary to introduce those exception cases. To be specific, even though the restriction on data buffering at UE side is enabled, UE will expect PDSCH reception which requires data buffering in a slot where the UE monitors PDCCH candidates for at least DCI format 1_0 with CRC scrambled by SI-RNTI, RA-RNTI, or P-RNTI.
Proposal 2: Even through data buffering restriction is configured to be used, the configured restriction is not applied to slots where a UE monitors PDCCH candidates for at least DCI format 1_0 with CRC scrambled by SI-RNTI, RA-RNTI, or P-RNTI.
2.2. Power saving in DRX operation
In NR, a UE would perform PDCCH blind decodes in the configured PDCCH monitoring occasion. When DRX operation is applied, UE would perform PDCCH monitoring during the Active Time. Even if data is not scheduled for the UE during the Active Time, it continues PDCCH monitoring and consumes power unnecessarily. In this section, we discuss various potential techniques to UE reduce unnecessary PDCCH monitoring.
2.2.1. Wake-Up Signal (WUS) and Go-To-Sleep (GTS) signal
To reduce power consumption, WUS (which is used to maintain sleep) and GTS (for going to sleep quickly) can be considered. One way is to indicate whether a UE wakes up or not when an ‘On Duration’ is started. This information is delivered by WUS and it is transmitted in prior to or beginning of the ‘On Duration’. In this approach, UE try to detect WUS prior to monitor PDCCH during ‘On Duration’. If WUS is detected, the UE wakes up and monitors PDCCH for data scheduling. But if WUS is not detected, the UE can continue sleep until the next ‘On Duration’. In this scheme, if a packet arrives after the WUS occasion or network cannot transmit WUS due to the lack of the preparation time after packet arrival, PDCCH/PDSCH scheduling for the packet will be scheduled in the next ‘On Duration’. In this case, it can increase data scheduling latency and cause throughput loss. According to our numerical analysis in [1], it is observed that when UE can skip a single DRX cycle based on a WUS, UE can achieve moderate power saving gain (e.g. 11%~14%) with relatively large UPT loss (13%~16%) compared to the reference system without WUS. 
In order to decrease the scheduling latency, multiple WUS occasions during an ‘On Duration’ can be considered. It gives opportunities to wake a UE up in the middle of ‘On Duration’ at the expense of reduced UE power saving gain, so the UE can wake up and receive PDCCH/PDSCH even if the packet is arrived after ‘On Duration’ is started. In this case, if WUS is not detected in a WUS occasion, the UE can enter micro sleep state until the next WUS occasion. According to our numerical analysis in [1], it is observed that when UE monitors multiple WUS occasions during every DRX ON duration, UE can achieve relatively small power saving gain (e.g. 1%~7%) with marginal UPT loss (e.g. 1%~4%) compared to the reference system without WUS. Table 1 shows our evaluation results for WUS-based power saving, details of the analysis are presented in [1]. 
In addition to WUS, GTS can also be considered for fast transition from normal operation to sleep. The GTS can be transmitted via MAC CE or L1 signaling, and a UE doesn’t need to monitor PDCCH (i.e., InacitivityTimer is expired by the GTS). According to our evaluation [1], it is observed that when a UE stops to monitor PDCCH based on a GTS, a UE can achieve considerable power saving gain (e.g. 44%~78%), but UPT loss (27%~43%) is also large compared to the reference system without WUS. Table 1 shows our evaluation results for GTS-based power saving, details of the evaluation are presented in [1].

	Company
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT/Latency (UPT loss
compared to reference)
	Estimated overhead
	Evaluation methodology
	Note

	LG
	PDCCH-based WUS signal triggering UE wake up
(WUS occasions : DRX cycles)
(1) 1:1
(2) 1:4
(3) 4:1
	(1) 11.45%-14.24%
(2) 12.41%-27.33%
(3) 0.82%-6.81%
	
	(1) 13.11%-16.59%
(2) 38.59%-54.49%
(3) 1.27%-4.07%
	
	Traffic model:
FTP3 with file size 0.5Mbps,
DRX configuraiton (160,100,8)
	Reference schemes: PDCCH monitoring periodicity:1 slot,
K0=0 

	LG
	GTS triggering sleep
(1) Via MAC message
(2) Via L1 signaling
	(1) 44.12%-75.72%
(2) 45.56%-78.43%
	
	(1) 27.30%-41.57%
(2) 30.60%-43.02%
	
	Traffic model:
FTP3 with file size 0.5Mbps,
DRX configuraiton (160,100,8)
	Reference schemes: PDCCH monitoring periodicity: 1 slot,
K0=0


Table 1. Evaluation results for WUS/GTS
Proposal 3: For the study of WUS(or GTS)-based PDCCH monitoring, UPT loss/latency should be considered for determining WUS/GTS configuration.
2.2.2. PDCCH monitoring behaviour adaptation in DRX operation
When DRX is configured, most DRX ON period will not have actual scheduling. In this case, it would be important to reduce UE power consumption during the DRX ON period. Simply, UE can skip some portion of DRX ON period, but it can cause additional latency and throughput loss especially when new DL packet arrives during the skipped DRX ON period. In those point of view, it can be considerd that UE monitors PDCCH with long periodicity before the UE receives PDCCH indicating new transmisiosn to reduce UE power consumption. On the other hand, after the UE receives PDCCH indicating new transmission, UE can monitor PDCCH with short periodicity to increase throuhgput performance. Moreover, to minimize UE power consumption during the time where drx-InactivityTimer is running, a UE can change PDCCH monitoring periodicity when UE does not receive PDCCH intended to the UE for a certain duration of time. Note that according to the numerical results in our companion contribution [1], it is observed that when a UE changes PDCCH monitoring periodicity based on actual scheduling, UE can achieve substantial power saving gain with marginal UPT loss. 
Table 2 shows our evaluation results, details of the evaluation are presented in [1].
	Company
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT/Latency (UPT loss
compared to reference)
	Estimated overhead
	Evaluation methodology
	Note

	LG
	PDCCH monitoring periodicity adaptation during the DRX active time based on actual transmission
	22.01%-36.17%
	
	1.60%-4.33%
	
	Traffic model:
FTP3 with file size 0.5Mbps,
DRX configuraiton (160,100,8)
	Reference schemes: PDCCH monitoring periodicity:1 slot,
K0=0 


Table 2. Evaluation results for PDCCH monitoring periodicity adaptation
Proposal 4: If DRX is configured, monitoring behavior (e.g. monitoring periodicity) can be different depending on whether a UE recieves PDCCH intended to the UE or not.

Next, PDCCH monitoring behaviour can be different across different BWP, and UE can change active BWP for power saving (e.g. default BWP). However, the current DRX parameters are configured per cell group. It means that DRX operation is not changed regardless of which BWP is active. In our view, at least when UE’s active DL BWP is set to be default BWP, it would be better to have different DRX configurations to save UE power consumption further.
Proposal 5: Different DRX configuration between default BWP and other configured BWP can be considered for power saving.
2.3. Power saving in frequency domain
2.3.1. CA aspects on UE power saving
Considering traffic condition (e.g. the amount of DL data to be served) and the UE power consumption, some portion of SCells for a UE can be activated or deactivated, and UE may need to have the transition time for the SCell activation/deactivation. For instance, if the amount of DL data to be served is quite low, UE may not need to have a lot of activated serving cell. Instead, UE may deactivate SCell for UE power saving. According to euCA WI in LTE, if RF circuit is turned off for SCell deactivation, then the transition time from the deactivated state to the activated state could be remarkably large (e.g. 24msec). To alleviate this inefficiency, a new SCell state in RRC_CONNECTED mode (called a “dormant state”) is introduced in addition to “activated state” and “deactivated state”. For a dormant SCell, UE will not perform PDCCH monitoring, but will perform CSI measurement/reporting which can be used right after the serving cell is activated. In this case, UE could save UE power consumption compared to the activated state of serving cell whereas the transition time from dormant state to activated state is kept to be relatively small (e.g. 8msec). In NR, if the dormant state is introduced for power saving, NR-specific features (e.g., multiple beam operation, BWP) could be considered for fast transition from dormant state to activated state.
Proposal 6: For power saving in CA operation, a new state where the UE is not required to monitor PDCCH could be considered on activated SCell.
Regarding quick activation/deactivation, it seems necessary to carefully investigate the feasibility to have sufficiently short transition time between activated state and deactivated state. In other words, if the transition time is not small enough, it seems that there is no clear benefit to introduce L1 signalling-based SCell activation/deactivation.
2.3.2. BWP aspects on UE power saving 
In NR, UE can be configured with different BWP size, time-domain resource assignment configuration, CORESET/SS configuration across different BWPs. In this case, UE can change UE power consumption characteristics by switching active BWP. According the current BWP operation, considering SCS of 30 kHz, when UE receives DCI indicating active BWP switching, UE can change its active DL and/or UL BWP with the BWP switching delay of either 2 or 5 slots depending on the UE capability. Considering DRX operation and burst transmission, those BWP switching delay (e.g. 1ms or 3ms) seems marginal. In that point of view, active BWP switching can be considered as a baseline for UE adaptation to the power consumption characteristics.
Proposal 7: BWP operation is a baseline for UE adaptation to the UE power consumption characteristics.
UE expects to receive CSI-RS in active DL BWP. In this case, UE may not know accurate CSI right after active DL BWP switching. Meanwhile, UE will be ready to receive any DL signals in new active BWP in a slot which is indicated by DCI indicating active DL BWP switching (e.g. K0) even though PDSCH starts in the middle of the slot. In this case, it is possible for a UE to receive UL grant with aperiodic CSI triggering before receiving PDSCH in new active BWP. In this case, UE can track the CSI of the new active BWP quickly. Meanwhile, depending on the BWP configuration, new active BWP can be overlapped with old BWP. In another case, UE may have knowledge of CSI of new BWP when the BWP was activated before. In those cases, it can be understood that UE roughly knows the CSI of the new active BWP. If necessary, gNB can transmit aperiodic CSI request to UE to update CSI of the new active BWP.
Proposal 8: Enhancement of CSI measurement/feedback after active BWP switching is deprioritized unless the feasibility and the benefit of faster CSI measurement/feedback are clearly shown.
2.4. UE Power saving in reducing PDCCH monitoring
For PDCCH BD attempts, UE would perform both channel estimation and channel decoding on candidates given by CORESET and search space set configurations. From the power saving perspective, it is useful to reduce unnecessary channel estimations and blind decoding. In NR, for considering UE’s complexity and processing time line, the upper limit for the number of blind decodes and channel estimations within a slot was defined for each numerology. Considering the limits, UE can skip monitoring some portion of PDCCH candidates in a unit of search space. From the UE power saving perspective, the configurable BD/CCE limits can be used to adjust UE power consumption. To be specific, to support power saving mode intended by a UE, gNB could dynamically configure smaller BD/CCE limits to the UE.
In a similar manner, it can be considered to adjust the number of CORESET to be monitored for PDCCH transmission. To be specific, in case of CORESET, some portion of CORESETs configured to a UE would not be used based on the network decision considering the overlapping resources among different CORESETs, and/or the beam management and/or the detection performance of PDCCH. In those points of views, dynamic CORESET activation/deactivation can be considered to efficiently reduce the number of PDCCH BD attempts and channel estimation. 
Proposal 9: For power saving on PDCCH monitoring, configurable BD/CCE limit and dynamic CORESET on/off could be considered.
3. Conclusion
In this contribution, we discuss potential techniques and evaluation results for power saving. Our proposals are summarized as follows;
Proposal 1: To further reduce UE power consumption for PDCCH-only state, it can be considered to dynamically adjust UE behaviour on data buffering. FFS on the triggering mechanism for the restriction on buffering for PDSCH reception and/or CSI reference resources reception.
Proposal 2: Even through data buffering restriction is configured to be used, the configured restriction is not applied to slots where a UE monitors PDCCH candidates for at least DCI format 1_0 with CRC scrambled by SI-RNTI, RA-RNTI, or P-RNTI.
Proposal 3: For the study of WUS(or GTS)-based PDCCH monitoring, UPT loss/latency should be considered for determining WUS/GTS configuration.
Proposal 4: If DRX is configured, monitoring behavior (e.g. monitoring periodicity) can be different depending on whether a UE recieves PDCCH intended to the UE or not.
Proposal 5: Different DRX configuration between default BWP and other configured BWP can be considered for power saving.
Proposal 6: For power saving in CA operation, a new state where the UE is not required to monitor PDCCH could be considered on activated SCell.
Proposal 7: BWP operation is a baseline for UE adaptation to the UE power consumption characteristics.
Proposal 8: Enhancement of CSI measurement/feedback after active BWP switching is deprioritized unless the feasibility and the benefit of faster CSI measurement/feedback are clearly shown.
Proposal 9: For power saving on PDCCH monitoring, configurable BD/CCE limit and dynamic CORESET on/off could be considered.
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