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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN#86 meeting, a WID on UE power saving enhancements was approved [1]. One of the objectives is to study enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact. In RAN1#102-e meeting [2], evaluation methodologies and potential power saving techniques were discussed, and the followings were agreed.
	Agreements:
· Reusing power model in TR38.840 for evaluation of DCI-based power saving adaptation schemes.
· Note: company reporting additional power model for missing state or update is not precluded.
Agreements:
· Company should report assumptions used for periodic measurement activities for the Rel-17 DCI-based power saving adaptation evaluation.
· The periodic activities defined in TR38.840 can be reused.
· Measurement for RLM/BFD every C-DRX cycle can be optionally modelled
Agreements:
· The performance metrics described in TR38.840 section 8.2 is reused for power saving evaluation of Rel-17 DCI-based power saving adaptation during ActiveTime.
· The following Rel-15 / 16 features is recommended of the power consumption as reference for baseline. Company can report the feature(s) being used in the baseline.
· DRX
· C-DRX cycle 40msec for VoIP
· 10ms IAT, 8ms On-duration
· Assume max two packets bundled
· C-DRX cycle 160msec for FTP
· Alt 1: 20 msec IAT, 8ms On-duration
· Alt 2: short DRX
· 20 ms [or 40ms as optional] IAT, 8ms On-duration
· 20 ms for short DRX cycle, 4 cycles
· Note: 100 msec IAT, 8ms On-duration can also be used with sufficient justifications that available Rel-15/16 Techniques being used to reduce UE power saving
· DCP for DRX adaptation,
· DCP offset  to DRX ON = 2 ms, other values are not precluded
· Cross-slot scheduling adaptation
· Minimum K0 can be adapted from 0 to 1 for FR1, 0 to [4] for FR2
· BWP switching, including
· MIMO layer adaptation,
· Max # of MIMO layer can be adapted from 4 layer to 2 layer for FR1, 2 layer to 1 layer for FR2
· PDCCH monitoring period adaptation
· PDCCH monitoring period can be adapted from per slot monitoring to X slot monitoring
· X = [2] for FR1 and [8] for FR2
· Bandwidth adaptation
· Bandwidth can be adapted from 100MHz to 20MHz for FR1,FFS for FR2
· Note: 
· BWP transition time type 2 is assumed, BWP transition duration is
· 5 slot @ 30kHz SCS for FR1, 
· 18 slot@120kHz SCS for FR2
· the slot-average power level for BWP transition duration is according to TR38.840
· BWP transition time type 1 can be optional modelled
· BWP switching is Y (ms) after last packet/data burst. 
· Y = [8], other values are not precluded
· Whether BWP switching is modeled depends on the assumed UE capability and evaluated schemes.
· Scell dormancy assumption for CA capable UEs
· FR1 & FR2: SCell dormancy with [160 ms] periodic CSI measurement and reporting
· Other settings
· CA assumption if configured for CA capable UEs
· For FR1, FFS
· For FR2, 4*100MHz can be considered.
· Assumptions for scheduler
· For FR1, no restriction on the beam assumptions being used in each slot
· For FR2, up to each company, e.g., gNB equally schedule the slots for UEs targeting to different beams. 
· Note: the assumptions does not necessary mean to restrict or precluded any implementation. Other assumptions are not precluded and can be reported by companies.
· Company to report the used assumption for the interruption and also power savings impact due to presence/absence of interruptions.
Agreements:
Legacy traffic models in TR38.840 can be considered for Rel-17 DCI-based power saving adaptation evaluation, other traffic models can be optionally modelled and company report which traffic model(s) is used.


This contribution discusses the potential power saving techniques for connected-mode UE, which includes adaptation of PDCCH monitoring and adaptation of the maximum number of MIMO layers. Some evaluations are provided as well.
[bookmark: _Ref129681832]DCI-based adaptation of PDCCH monitoring
Techniques on PDCCH monitoring adaptation
[bookmark: OLE_LINK9]C-DRX is usually configured to the UE for power saving, where power saving is achieved by not monitoring PDCCH in non-active time. As further enhancement, in Rel-16, DCI-based WUS was supported to further skip the PDCCH monitoring in the ON durations where there is no data to be scheduled. DCI-based WUS is transmitted before the start of onDurationTimer. If the “wake-up” indication is detected, the UE shall start the drx-onDurationTimer to monitor PDCCH. If the “not-wake-up” indication is detected, the UE will not start the drx-onDurationTimer, which means that the UE skips the whole C-DRX cycle and does not monitor PDCCH to detect DCIs scrambled with C-RNTI, CI-RNTI, CS-RNTI, INT-RNTI, SFI-RNTI, SP-CSI-RNTI, TPC-PUCCH-RNTI, TPC-PUSCH-RNTI, and TPC-SRS-RNTI. 
However, for intensive eMBB traffic, which has intensive data arrival, the arrival of traffic can be burst and frequent. Even when in the Active Time, it is possible that for a UE there is time duration without any scheduling. 
On the other hand, if the UE skips the whole C-DRX cycle by utilizing WUS indication, the packets have to wait from when data packets arrived until the start of the next C-DRX cycle, as shown in Figure 1(a), which would increase the latency. If there is a signaling indicating the UE to skip the PDCCH monitoring for short time durations, more power saving and less impact on latency are expected.
In the existing C-DRX mechanism, DRX command MAC CE is also supported in Rel-15 to terminate the inactivity timer, based on which UE can terminate Active Time until the next C-DRX cycle and enter outside Active Time. However, this termination of inactivity timer with DRX command MAC CE is a kind of “long term” sleep. If data packets arrive in the remaining time duration of the current C-DRX cycle, these packets have to wait until the next C-DRX cycle, as shown in Figure 1(b). This will also impact the latency performance.
[image: ]
[bookmark: _Ref47366116]Figure 1 Illustration of WUS based power saving, MAC-CE based inactivity timer termination and proposed PDCCH skipping scheme
Observation 1: Existing DRX mechanism (including MAC-CE based termination of inactivity timer) and WUS indication cannot skip PDCCH monitoring in certain short durations.
Moreover, in CA, L1 based mechanism for transitioning between “dormancy” and “non-dormancy” behavior on activated SCells has been supported in Rel-16. For SCells, dynamic signaling indicates UE to switch to dormant BWP. On dormant BWP, no PDCCH monitoring is needed for UE, therefore power saving benefit is achieved. When the UE is indicated to switch to non-dormant BWP from dormant BWP for a SCell, the UE will start PDCCH monitoring on the non-dormant BWP for the SCell. In this scheme, reducing PDCCH monitoring is utilized only for SCells and PDCCH monitoring is not skipped in this case for PCell. It could be a way to extend this DCI-based PDCCH skipping solution to PCell or the scenario of single carrier for power saving.
Based on the above consideration, DCI based signaling indicating UE to skip PDCCH monitoring for a certain short duration is expected to provide further power saving gains especially for the traffic model with short mean inter-arrival time, and short latency requirement. 
As an extension of Rel-16 DCI based power saving scheme, DCI-based PDCCH skipping scheme is illustrated in Figure 1(c). During active time of DRX cycle, when no data is scheduled for the UE, the gNB can send the signaling to indicate the UE to skip PDCCH monitoring during an indicated duration, which is referred as skipped duration in the discussion. Within the skipped duration the UE would be in micro-sleep and after the duration the UE can resume to continue monitoring PDCCH in remaining active time of the current C-DRX cycle for potential packet arrival. Compared with WUS and DRX command MAC-CE, the packets may be delayed for short duration but can be scheduled at once after the short duration. gNB can control the total sleep time of UE more flexibly to achieve a tradeoff between low traffic latency and UE power saving gain. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK10]Another way to trade-off between power saving and latency impact is adaptation to PDCCH monitoring periodicity. gNB can send an indication to change UE’s PDCCH monitoring periodicity, by which UE can avoid PDCCH monitoring in some slots. When the UE monitors PDCCH with larger periodicity, more benefit of power saving is expected. In Rel-16, search space set group switching was supported in NR-U. By this scheme, the UE only monitors one of the search space set groups by explicitly or implicitly indication. As the PDCCH monitoring periodicity is configured per search space set, the periodicity of PDCCH monitoring is changed along with the search space set group switching. Similar scheme can be considered and studied in Rel-17 power saving.
The above solutions can be actually jointly specified to support both PDCCH skipping and monitoring periodicity adaptation.
Evaluations for DCI based PDCCH skipping
Evaluated baseline and solutions
Based on the evaluation methodology agreements in RAN1#102-e meeting [2], we evaluate the power saving gains for different power saving techniques of adapting to PDCCH monitoring, which is shown in Table 1, where Scheme 1, Scheme 2 and Scheme 3 are the baseline mechanisms that are provided in Rel-15/Rel-16.. Table 2 provides the corresponding parameter assumptions of DRX configuration for each traffic model. 
[bookmark: OLE_LINK30]Table 1 Power saving techniques of adapting PDCCH monitoring
	Scheme 1: DRX
	When C-DRX is configured, UE monitors PDCCH during the active time, which includes onDurationTtimer, inactivityTimer and retransmissionTimer etc., and power saving is achieved by not monitoring PDCCH in non-active time.
For simplicity, only long DRX cycle is configured in the simulation.

	Scheme 2: DRX + DCI based WUS + cross slot scheduling adaptation
	DCI based WUS:
In the simulation, the gNB will check whether there is traffic in the buffer at the time of WUS occasion. If there is no traffic in the buffer, “not wake-up indication” will not be transmitted to UE to skip PDCCH monitoring for the whole DRX cycle. Otherwise, “wake-up indication” will be transmitted to “wake up” UE.
Note: It is assumed that the gap between WUS occasion and the start of onDurationTtimer is 2 slot and the relative power of WUS is 100.
Cross slot scheduling adaptation:
For simplicity, when PDSCH is scheduled in a slot, adapt to K0=0 and when there is no PDSCH is scheduled in the next slot, adapt to K0=1. The application delay is 1 slot.

	Scheme 3: DRX + MAC  CE command
	During the DRX active time, when DL buffer of a UE is empty, and if there are no data packets that arrived for the UE within a certain time t, DRX MAC-CE command is indicated to the UE to terminate the inactivity timer.
Note: t is assumed to be 0.2* inactivityTimer in our evaluations. It can be expected that the less the value of t, the more power saving gain and the more latency increment for a certain DRX configuration.

	Scheme 4 (proposed solution): DRX + DCI based PDCCH skipping
	During the DRX active time, when DL buffer of a UE is empty, gNB indicates the UE to sleep for a skipped duration.
For simplicity, signaling of PDCCH skipping is accounted as non-scheduling PDCCH.

	Scheme 5 (proposed solution): DCI based PDCCH skipping without DRX
	In the simulation, C-DRX is not configured. The rule for DCI based PDCCH skipping is similar as that in Scheme 4.



[bookmark: _Ref47365862]Table 2 Traffic model for power saving scheme evaluations
	
	Intensive eMBB traffic
	VoIP
	FTP traffic

	Model
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.
	FTP model 3

	Packet size
	100Kbytes
	
	0.5 Mbytes

	Mean inter-arrival time
	30ms
	
	200 ms

	DRX setting
(Period, Inactivity timer, On duration timer)
	(40,10,8)ms
(20, 10, 5)ms
	 (40,10,8)ms
	(160, 20, 8)ms



In the evaluations, the power saving gains and resource overhead are given as the ratio compared with that of DRX only (Scheme 1). Resource overhead is evaluated as the ratio of resource overhead due to the proposed power saving indication over the total resource used in the system, which can be calculate as:

where  is the RB number used for the power saving indication of the evaluated solutions,  is the total RBs in the system and RU is the resource utilization rate observed in the system evaluations.
Evaluation results and observations
The evaluation results of the schemes in Table 1 under different traffic model in Table 2 are shown in Figure 2~5. In the evaluations, multiple UEs per cell are evaluated. 
Evaluation results for intensive eMBB traffic
 [image: ]
[bookmark: OLE_LINK23]Figure 2 Intensive eMBB traffic, DRX configuration (40, 10, 8), 4 UEs per cell

[image: ]
Figure 3 Intensive eMBB traffic, DRX configuration (20, 10, 5), 4 UEs per cell
Based on the evaluation results in Figure 2 and Figure 3, the following can be observed:
Observation 2: For intensive eMBB traffic,
· [bookmark: OLE_LINK26]Latency:
· MAC CE based solution introduces too much latency increment, therefore it is not suitable for intensive eMBB service, like video conference; 
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX mechanism provides the similar latency performance as WUS and cross-slot scheduling;
· PDCCH skipping scheme (16ms skipped duration) configured w/o DRX mechanism provides the similar latency performance as WUS and cross-slot scheduling with 20ms DRX cycle; it provides better latency performance than WUS and cross-slot scheduling with 40ms DRX cycle
· Power consumption: 
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX and PDCCH skipping scheme (16ms skipped duration) configured w/o C-DRX can provide additional (up to 15%) power saving gain than Rel-16/15 baseline(WUS + cross-slot); 
· Resource overhead:
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX has similar resource overhead than WUS + cross slot scheduling when C-DRX is configured;
·  PDCCH skipping scheme (16ms skipped duration) configured w/o DRX has slightly larger resource overhead than WUS + cross slot scheduling.

Evaluation results for VoIP traffic
 [image: ]
Figure 4 VoIP, DRX configuration (40, 10, 8), 4 UEs per cell
Based on the evaluation results in Figure 4, the following can be observed:
[bookmark: OLE_LINK27]Observation 3: For VoIP traffic,
· Latency: All the solutions can fulfil the requirements of VoIP, i.e. 98%-ile latency is smaller than 50ms.
· Power consumption: 
· PDCCH skipping (8ms skipped duration) with DRX configured can provide further (~20%) power saving gain than Rel-16/15 baseline; 
· Resource overhead:
· PDCCH skipping (8ms skipped duration) with DRX configured has smaller resource overhead than MAC CE based solution and slightly higher overhead than WUS + cross-slot scheduling.

Evaluation results for FTP traffic

[image: ]

[bookmark: OLE_LINK28]Figure 5 FTP traffic with 200ms of mean inter-arrival time, DRX configuration (160, 20, 8), 10UEs per cell
Based on the evaluation results in Figure 5, the following can be observed:
Observation 4: For FTP traffic with 200ms of mean inter-arrival time,
· Latency: 
· PDCCH skipping (8ms skipped duration) with DRX configured has the similar latency performance as WUS and cross slot scheduling;
· PDCCH skipping (16ms skipped duration) with DRX configured has slight latency increment compared with WUS and cross slot scheduling;
· Power consumption: 
· PDCCH skipping (16ms skipped duration) with DRX configured can provide similar power saving gain than Rel-16/15 baseline (WUS + cross slot scheduling); 
· Resource overhead:
· PDCCH skipping (16ms skipped duration) with DRX configured has similar overhead than WUS + cross-slot scheduling.

Summary of evaluations
Based on the evaluation results, it can be observed that MAC-CE based termination of inactivity timer can further save UE power but introduces large latency, which is not acceptable for some traffic, especially intensive eMBB traffic. 
For intensive eMBB traffic, as shown in Figure 2 and Figure 3, PDCCH skipping scheme (8ms skipped duration) in case of C-DRX is configured provides more power saving gains (additional 7%~15%) compared with the Rel-16 baseline (DRX + WUS + cross slot scheduling adaptation) and have similar latency as the Rel-16 baseline. If C-DRX is not configured, PDCCH skipping scheme (16ms skipped duration) also provides significant additional power saving gains (up to 15%) compared with the Rel-16 baseline (DRX+WUS +cross slot scheduling) and can guarantee smaller latency. 
For VoIP traffic, PDCCH skipping scheme (8ms skipped duration) provides largest power saving gains, which is about 20% larger than that Rel-16 baseline can provide. Meanwhile, only a smaller latency increment is introduced, which is still fulfill the requirement of VoIP.
For less-frequent FTP traffic with 200ms of mean inter-arrival time, PDCCH skipping scheme has similar power saving performance and similar latency performance compared with Rel-16 baseline (DRX + WUS + cross slot scheduling adaptation).
Observation 5: DCI based PDCCH skipping provides significant power saving gains and similar or even better latency performance compared with WUS and cross slot adaptation especially for intensive eMBB traffic and VoIP. 
Proposal 1: Extend DCI based power saving scheme to support PDCCH skipping in an indicated duration for power saving in Rel-17.
Adaptation of the maximum number of MIMO layers 
[bookmark: OLE_LINK11]In Rel-16, per-DL-BWP configuration of maximum number of MIMO layers was supported for UE power saving. The maximum number of MIMO layer can be configured for each BWP. The maximum number of MIMO layers of a UE can be adapted by switching the UE to another BWP. BWP switching based adaptation on the maximum number of MIMO layers can bring the benefit of power saving. 
However, the mechanism of dynamic BWP switching based MIMO adaptation may not be possible in some cases. This would be caused by the UE capability. Furthermore, in NR, for each configured BWP, UE needs storage for the parameters configured for the BWP. This would be no problem for a normal eMBB UE but may be a challenge for RedCap UEs. For reduced capability UE, it can be industrial wireless sensors, or wearable devices, etc., one of the requirements is to have the low cost and complexity compared with eMBB devices. Thus, multiple BWPs configurations and dynamic BWP switching may not be applicable on RedCap UEs at least in some cases. 
In this case BWP switching based adaptation of maximum number of MIMO layers is not possible for these UEs, which restricts the application of power saving techniques. 
Observation 6: BWP switching based adaptation of maximum MIMO layers may not applicable for RedCap UEs.
Meanwhile, power saving is also one of the requirements for reduced capability UEs, and dynamic adaptation of maximum number of MIMO layers is still needed for RedCap UEs. Therefore, it is proposed to introduce a technique of adaptation of the maximum number of MIMO layers for the UE without the capability of dynamic BWP switching, especially for RedCap UEs.
Observation 7: Dynamic adaptation of maximum MIMO layers is needed for power saving of RedCap UEs.
Another aspect is that the BWP switching delay is a number of slots as shown in Table 3 according to the current specification [3]. This is due to the delay required by PDCCH processing, RF parameter calculating/loading and new RF parameter applying. If the adaptation delay of MIMO adaptation could be further reduced, it is beneficial for the deployment of MIMO adaptation.




 
[bookmark: _Ref53759036][bookmark: _Ref47367412]Table 3 BWP switching delay [3]
	[image: ]
	NR Slot length (ms)
	BWP switch delay TBWPswitchDelay (slots)

	
	
	Type 1Note 1
	Type 2Note 1

	0
	1
	1
	3

	1
	0.5
	2
	5

	2
	0.25
	3
	9

	3
	0.125
	6
	18

	Note 1:	Depends on UE capability.
Note 2:	If the BWP switch involves changing of SCS, the BWP switch delay is determined by the larger one between the SCS before BWP switch and the SCS after BWP switch.



[bookmark: OLE_LINK57]According to the above analysis, it is expected to study the enhanced scheme of adaptation to the maximum MIMO layers, for example, dynamic adaptation to the maximum number of MIMO layer within the active BWP. 
[bookmark: OLE_LINK58]As shown in Figure 6, for an active BWP there are two kinds of maximum number of MIMO layers and one of the configured MIMO layer configurations is used as the default configuration for the active BWP. For example, if there is no data transmission, gNB can indicate the UE to use the default configuration with smaller maximum number of MIMO layers for UE power saving. When the traffic data arrives, gNB indicates the UE to switch to larger maximum number of MIMO layers. For the active BWP, the maximum number of MIMO layers can be dynamically switched by L1 signaling with short switching delay.
[bookmark: OLE_LINK59][bookmark: OLE_LINK60]Compared with BWP switching based adaptation of maximum MIMO layers, the power saving gain of this scheme due to the reduced the maximum MIMO layers is similar, but less latency and smaller storage requirement can be expected by adaptation of maximum number of MIMO layers within the active BWP. This would be needed by RedCap UEs, especially wearable devices etc.
[image: ]
[bookmark: _Ref47367611]Figure 6 Illustration of adaptation to the maximum MIMO layers within the active BWP
[bookmark: OLE_LINK37]Proposal 2: Support dynamic adaptation to the maximum number of MIMO layers within the active BWP.
Conclusion
In this contribution, we discussed the power saving schemes for connected-mode UE and provided the evaluation results. Based on the discussions and analyses, we have the following observations:
Observation 1: Existing DRX mechanism (including MAC-CE based termination of inactivity timer) and WUS indication cannot skip PDCCH monitoring in certain short durations.
Observation 2: For intensive eMBB traffic,
· Latency:
· MAC CE based solution introduces too much latency increment, therefore it is not suitable for intensive eMBB service, like video conference; 
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX mechanism provides the similar latency performance as WUS and cross-slot scheduling;
· PDCCH skipping scheme (16ms skipped duration) configured w/o DRX mechanism provides the similar latency performance as WUS and cross-slot scheduling with 20ms DRX cycle; it provides better latency performance than WUS and cross-slot scheduling with 40ms DRX cycle
· Power consumption: 
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX and PDCCH skipping scheme (16ms skipped duration) configured w/o C-DRX can provide additional (up to 15%) power saving gain than Rel-16/15 baseline(WUS + cross-slot); 
· Resource overhead:
· PDCCH skipping scheme (8ms skipped duration) configured with C-DRX has similar resource overhead than WUS + cross slot scheduling when C-DRX is configured;
·  PDCCH skipping scheme (16ms skipped duration) configured w/o DRX has slightly larger resource overhead than WUS + cross slot scheduling.
Observation 3: For VoIP traffic,
· Latency: All the solutions can fulfil the requirements of VoIP, i.e. 98%-ile latency is smaller than 50ms.
· Power consumption: 
· PDCCH skipping (8ms skipped duration) with DRX configured can provide further (~20%) power saving gain than Rel-16/15 baseline; 
· Resource overhead:
· PDCCH skipping (8ms skipped duration) with DRX configured has smaller resource overhead than MAC CE based solution and slightly higher overhead than WUS + cross-slot scheduling.
Observation 4: For FTP traffic with 200ms of mean inter-arrival time,
· Latency: 
· PDCCH skipping (8ms skipped duration) with DRX configured has the similar latency performance as WUS and cross slot scheduling;
· PDCCH skipping (16ms skipped duration) with DRX configured has slight latency increment compared with WUS and cross slot scheduling;
· Power consumption: 
· PDCCH skipping (16ms skipped duration) with DRX configured can provide similar power saving gain than Rel-16/15 baseline (WUS + cross slot scheduling); 
· Resource overhead:
· PDCCH skipping (16ms skipped duration) with DRX configured has similar overhead than WUS + cross-slot scheduling.
Observation 5: DCI based PDCCH skipping provides significant power saving gains and similar or even better latency performance compared with WUS and cross slot adaptation especially for intensive eMBB traffic and VoIP. 
Observation 6: BWP switching based adaptation of maximum MIMO layers may not applicable for RedCap UEs.
Observation 7: Dynamic adaptation of maximum MIMO layers is needed for power saving of RedCap UEs.
Based on the above observations, it is proposed that
Proposal 1: Extend DCI based power saving scheme to support PDCCH skipping in an indicated duration for power saving in Rel-17.
Proposal 2: Support dynamic adaptation to the maximum number of MIMO layers within the active BWP.
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(c) DCI based PDCCH skipping in short duration
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