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Introduction
[bookmark: _Hlk510705081]The release 17 work item on UE power saving enhancements [1] includes the following objective:2) Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
a) Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 
· NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available power saving solutions are properly utilized.

In this contribution we provide energy consumption evaluation results for potential Active Time enhancements.
Discussion
In this contribution the following potential Active Time enhancements are described and evaluated by comparison with the release 15 baseline. The key schemes we evaluated are:
A. Search Space set group switching indicated by DCI
B. DCI-based PDCCH monitoring skipping command
Assumptions
In RAN1 #102-e simulation assumptions were discussed for evaluation of the power saving potential of Active Time enhancements. In this contribution we examine the scenarios given in Table 1. Note it is assumed that packets are transferred within 1 slot and that transmissions are always successful (0 % BLER).
The evaluations are performed for a 5ms TDD frame structure with 6 DL slots followed by 4 UL slots, assuming 30 kHz SCS. Hence, DL data would be handled in DL slots and UL activity in UL slots, separately. 
[bookmark: _Ref54170448]Table 1 Traffic models, DRX configuration, and measurement configuration.
	
	FTP3
	VoIP
	Video/voice conferencing

	Packet interarrival time
	200 ms. DL only
	Voice packets are generated according to R1-070674. Both UL and DL packets are considered (50% DL / 50% UL)
	
DL and UL packet every 20ms.

	DRX configuration
	160 ms long cycle, 20 ms Inactivity Timer, 8 ms On Duration
	40 ms long cycle, 10 ms Inactivity Timer, 8 ms On Duration
	20ms DRX cycle, 10 ms Inactivity Timer, 8 ms On Duration

	Bandwidth
	100 MHz
	100 MHz
	100 MHz

	Wake-up signal
	Yes, 4 slots offset to On Duration
	No
	No

	Additional applied Rel-15/16 features
	DRX command MAC CE after 5 slots without new packets. UE requires 4 slots to process.
Scheduling offset restriction with K0,min=1
	-
	-

	CSI measurement & report
	1 CSI-RS measurement and 1 CSI report in On Duration after WUS
	1 CSI-RS measurement and 1 CSI report in On Duration
	1 CSI-RS measurement and 1 CSI report in On Duration

	RRM measurements
	SSB-based. 4 slots monitored 5 ms prior to the On Duration
	SSB-based. 4 slots monitored 5 ms prior to the On Duration
	SSB-based. 4 slots monitored 5 ms prior to the On Duration



The FTP3 traffic model baseline is evaluated using WUS combined with either DRX command MAC CE or cross-slot scheduling. 
The VoIP and video traffic models assume configured grant (CG) for the uplink traffic. Therefore, the UE does not send Scheduling Request and Buffer Status Report prior to uplink data transmissions. The CGs are assumed to occur within the On Duration, where the UE still monitors PDCCH to check if the CG is reconfigured.
The power model used for evaluation is based on [2]. The uplink transmit power for UL ACK, UL CSI report and UL data packets was assumed to be 0 dBm. If there is uplink data the UL ACK and/or UL CSI report are multiplexed in PUSCH. If there is no data, the UL ACK and UL CSI report are multiplexed in long PUCCH.
Search Space set group switching indicated by DCI
The applicability of search space set group switching (in short SS switching) was discussed in our previous contribution [3]. In the evaluations, presented in Section 3, it was assmed that the first search space set defines PDCCH is monitored every slot, while the second set defines PDCCH is monitored 1 out of 6 DL slots. Considering the TDD frame structure this means 1 PDCCH monitoring slot per 5 ms. For the evaluations as shown in Figure 1, we assume the DCI-based indication to do SS switching from first to second set is sent after 2 slots of data inactivity (e.g. no new DL packets). The delay to apply the second configuration after receiving switch order is 2 slots (including the slot with DCI order)– note that PDCCH monitoring continues during the switch delay according to the original SS configuration. No additional power cost is assumed due to change of the monitoring periodicity. Note that it is only assumed that periodicity of the PDCCH monitoring is adjusted, and no futher relaxation is applied i.e. number of candidates is kept the same. 
[image: ]
Figure 1 Illustration of simulated SS group switching

DCI-based PDCCH monitoring skipping command
The DCI-based PDCCH monitoring skipping command informs the UE to stop monitoring PDCCH for x slots. In the evaluations it is assumed that DCI-based PDCCH monitoring skipping informs the UE to stop monitoring PDCCH for 5 slots, so that similarly to the SS switching scheme, the UE monitors PDCCH once per 5ms, when skipping is applied. Similar to SS switching there is assumed to be 2 slot delay, before the skipping command is sent for the first time (after last DL data packet). However, unlike in SS switching, there is not assumed to be any delay when applying skipping, i.e. energy savings are applied following the slot where DCI-based skipping is sent. New skipping command is sent immediately after the skipping duration has expired, thus it is assumed that the scheduler is always able to trigger the PDCCH skipping again. The PDCCH skipping command is sent until inactivity timer expires. 
Uplink activity adaptation
The SS switching and DCI-based PDCCH monitoring skipping command schemes both imply the UE adapts PDCCH monitoring. This is reasonable, when the network does not expect to schedule the UE frequently. Further Active Time power savings may be obtained if the UE’s uplink actions are also reduced along with the SS switching or DCI-based PDCCH monitoring skipping command.
For example, if the PDCCH monitoring skipping command informs the UE to stop monitoring for x slots, the UE could also stop CSI reporting or transmission of sounding reference signals. In a similar way, a switch to a different search space set group could trigger such adaptation e.g. in CSI reporting periodicity.
Observation: Adaptation of uplink activity including CSI reporting and SRS transmission may be based on search space set group switching and DCI-based PDCCH monitoring skipping command.
Vice versa, when considering UE initiated data activity it would be benefitial from latency point of view to activate SS group with monitoring pattern of a higher frequency or cancel PDCCH skipping upon UE autonomously indicating having data in the buffer. 
Observation: From latency point of view, it is benefitial if uplink activity related to indication of data buffer activates the regular, i.e. more frequent monitoring.
Evaluation results
In this section the evaluation results for the different traffic scenarios and energy saving schemes are presented. As a baseline the only C-DRX configuration with wake-up signal was assumed, as described in Table 1.Then both MAC-CE based DRX command and minimum scheduling offset restriction (cross-slot/x-slot) were applied independently on top of the baseline with wake-up signal. Then, as described, SS switching and PDCCH skipping based on DCI were compared against these (independently without other enhancements).
The results on relative energy consumption for the FTP3 scenario are shown in Figure 2. As noted in Table 1, 20ms inactivity timer is assumed as agreed in last meeting. Hence, no further reduction of the inactivity timer is assumed with short-DRX cycle. By complementing the baseline with DRX command MAC CE to stop the Active Time, major savings are obtained (30%), but as was observed during Release 16 work this also impacts latency performance negatively, when no short-DRX is assumed. In addition the power consumption during the Active Time is reduced with minimum scheduling offset restriction, and combining the baseline with the scheduling offset restriction approximately 11 % energy savings are achieved. The SS switching and PDCCH monitoring skipping result in the same PDCCH monitoring adaptation behaviour and therefore also the same potential savings of 14 %, which are slightly better than cross-slot scheduling.
Finally the power consumption results for the video/voice conferensing are shown in Figure 4. 
 [image: ]
[bookmark: _Ref54184152]Figure 2 Relative energy saving for the FTP3 scenario.
[bookmark: _GoBack]The results for the relative energy consumption for the VoIP scenario are shown in Figure 3. Now as noted ealier, traffic to both directions, either to UL or DL every 40ms with equal probability. Now as the data activity is higher and C-DRX related timers shorter (to match the traffic) none of the schemes show significant gain over the baseline. Especially MAC-CE based DRX command gains are diminished due to the applied C-DRX configuration. Minimum scheduling offset restriction, SS switching and PDCCH monitoring skipping give similar and largest gains, approximately 10%.
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[bookmark: _Ref54373862]Figure 3 Relative energy saving for the VoIP scenario.
Finally the results for video/voice conferencing are shown in Figure 4. As the traffic intensity increases, the gains are further reduced. Cross-slot scheduling provides largest gains (9%) gain in power consumption over the baseline, while SS switching and PDCCH skipping achieve slightly less.
[image: ]
[bookmark: _Ref54374143]Figure 4 Relative energy saving for the Video/voice conferencing scenario.

Observation: With more intense traffic profiles the attainable gains from different power saving schemes are reduced.
Observation: SS switching and PDCCH skipping provide comparable gains in all evaluated scenarios.
As the power saving gains attainable from SS switching and PDCCH skipping are similar and use similar mechanism to achieve the power saving (reduce the PDCCH monitoring) they can be considered overlapping schemes. From system perspective, PDCCH skipping implies larger PDCCH load to achieve the power saving (i.e. UE needs to be sent the skipping command after every skipping duration) and is conditioned also by the scheduler to be able to re-send the skipping command immediately after skipping duration has expired. In practical scenarios this may not be always feasible, thus the evaluated gains may not realize in practice. Basic SS switching mechanism has been specified in Rel-16, and could be further enhanced to support better power saving functionality e.g. timer based SS adaptation and scheduling DCI support, if gains are deemed sufficient. Hence RAN1 should further discuss whether SS group switching could be in addition to GC-PDCCH, PDCCH detection and timer triggered explicitely by DCI format with CRC scrambled with C-RNTI. 
Proposal: Study a need for potential enhacements to SS group switching in R17 to support better power saving functionality e.g. support of switching trigger in scheduling DCI. 

Conclusion
This contribution we have presented power saving evaluations for SS switching and PDCCH skipping in different scenarions. Based on the discussion and evaluations we have made following observations and proposal:
Observation: Adaptation of uplink activity including CSI reporting and SRS transmission may be based on search space set group switching and DCI-based PDCCH monitoring skipping command.
Observation: From latency point of view, it is benefitial if uplink activity related to indication of data buffer activates  the regular, i.e. more frequent monitoring.
Observation: With more intense traffic profiles the attainable gains from different power saving schemes are reduced.
Observation: SS switching and PDCCH skipping provide comparable gains in all evaluated scenarios.
Proposal: Study a need for potential enhacements to SS group switching in R17 to support better power saving functionality e.g. support of switching trigger in scheduling DCI. 
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