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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, as follows.
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.
This contribution proposes evaluation methodologies and simulation assumptions for connected-mode UE and the potential extension of power saving schemes for connected-mode UE are also discussed.
[bookmark: _Ref129681832]Evaluation methodologies and simulation assumptions for connected-mode UE
To study on the power saving scheme for connected-mode UE, evaluation methodology is needed. In Rel-16, some traffic models and evaluation methodologies for UE power saving have been discussed and provided in TR38.840 [2]. Generally, evaluation methodologies in TR38.840 should be reused in Rel-17. This section will further provide additional traffic model and additional Rel-16 baseline for Rel-17 evaluation.
Traffic model
[bookmark: OLE_LINK7][bookmark: OLE_LINK4]In Rel-16, FTP, instant messaging and VoIP applications are considered as the interested traffics for the UE power saving evaluation. As shown in Table 1, the packet arrival rate is less-frequent for FTP and instant messaging traffic. Beside these traffics, other applications can be further considered in Rel-17, such as intensive eMBB traffic, in which packet arrival is more frequent and packet size may be not very large. For the traffics listed in Table 1, user data tends to be bursty and when no traffic data arrives, the UE will not be scheduled by gNB. This gives us the possibility to reduce the UE power consumption by using potential power saving schemes without significant impact on performance. To study the UE power saving for such traffic, the C-DRX mechanism should be also assumed, and regarding the corresponding configurations on C-DRX parameters, e.g. the length of DRX cycle, on duration timer and inactivity timer, would be different for different traffic model. Table 1 also provides the corresponding parameter assumptions of DRX configuration for each traffic model.




[bookmark: _Ref47365862]Table 1: Traffic model for power saving scheme evaluations
	
	FTP traffic
	Instant messaging
	VoIP
	Intensive eMBB traffic

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

	Packet size
	0.5 Mbytes
	0.1 Mbytes
	
	0.05Mbytes

	Mean inter-arrival time
	200 ms
	2 sec
	
	15ms

	DRX setting
(Period, Inactivity timer, On duration timer)
	 (160, 100, 8)ms
	 (320,80,10)ms
	 (40,10,4)ms
	 (20, 10, 5)ms



As in Rel-16, in FR1, the band of 4GHz and the sub-carrier spacing of 30kHz is preferred for the power saving evaluation. In FR2, the band of 30GHz and the sub-carrier spacing of 120kHz is preferred for the power saving evaluation.
Proposal 1: The traffic model for the UE power saving scheme evaluation at least include FTP traffic, instant messaging, VoIP and intensive eMBB traffic.
Existing power saving schemes in Rel-16
In Rel-16, several power saving schemes were specified. In terms of time domain, the power saving schemes include PDCCH based power saving signalling (wake-up indication) and cross slot scheduling based power saving. When we study the extensions to introduce further time domain adaptation for power saving, these schemes should be taken as the baseline for evaluations. For the cross-slot scheduling, proper values of the minimum scheduling offsets for K0 and/or K2 needs to be selected in the evaluation if needed. To simplify the evaluation model, one way is to fix K0/K2=1, which can give the maximum power saving gain of cross-slot scheduling. Moreover, similarly as assumptions in Rel-16, period background activity is considered in the simulations, where the background activity processing periodicity is decided by max(DRX cycle, 160msec).
Proposal 2: To evaluate the extension(s) of time domain adaptation for power saving, PDCCH based power saving signalling (wake-up indication) and cross slot scheduling based power saving are taken as the baseline for evaluation. 
Evaluation metrics
In the study of power saving schemes, numerical analysis, system level simulation, and link level simulation are included as evaluation methods. To evaluate the proposed solutions, at least the following metrics should be considered.
· UE power saving gain: percentage of power consumption reduction of the proposed power saving scheme from the baseline scheme.
· Latency of packet/user perceived throughput: To reduce power consumption, additional delay may occur. Therefore, the latency for delivery of the data in the buffer needs to be investigated and compared with the baseline. Similarly as the latency, the user perceived throughput may be degraded when the UE power consumption is saved. The Percentage of latency increment or user perceived throughput loss of the proposed power saving scheme from the baseline scheme should be provided.
Proposal 3:  The following metrics are considered in the evaluation of power saving mechanisms in the study:
· UE power saving gain
· Latency of packet/user perceived throughput
Power consumption model
Regarding the power consumption models, the models in TR 38.840 is reused for Rel-17 power saving extensions. 
Due to the power saving schemes introduced in Rel-16, some new parameters are introduced and the relevant power consumption model needs to be defined accordingly. For example, for the DCI format 2_6, two values of minimum time gap in terms of slots per SCS are specified and the UE reports one of the minimum time gap. Hence the monitoring time gap and the power consumption value of monitoring the DCI format 2_6 need to be modeled in the evaluation. To simplify the evaluation, two kinds of power consumption model are provided. Table 2 shows the different power consumption value depending on the minimum time gap reported by UE.
[bookmark: _Ref47365959]Table 2: UE power consumption model
	Power State
	Characteristics
	Relative Power (FR1)

	PDCCH based power saving signal (WUS)
	Detection of DCI format 2_6 outside DRX active time. Assume one monitoring occasion to detect DCI format 2_6 prior to a slot where the drx-onDuarationTimer would start for a UE.
	100 for minimum time gap = 1slot
50 for minimum time gap = 6 slots



Proposal 4: Reuse the existing power consumption models in TR 38.840 and add the power consumption model in Table 2 in Rel-17.
Other simulation assumptions
Link level simulation assumptions and system level simulation assumptions were discussed in Rel-16 and captured in TR38.840. Table 3 lists the some parameters used for power saving scheme evaluations. 
[bookmark: _Ref47366025]Table 3: Simulation parameters for power saving scheme evaluations
	[bookmark: _Hlk30410037]Parameters 
	Value

	Carrier frequency
	4 GHz (FR1) or 30GHz(FR2)

	Subcarrier spacing
	30kHz or FR1, 120kHz for FR2

	CC number
	1, or multi-carrier（2）

	Bandwidth of BWP
	100MHz

	Antenna configuration
	4Tx at gNB and 4Rx at UE

	Modulation of PDSCH
	256QAM

	PDCCH time region
	2 symbols at beginning of a slot

	Traffic model
	FTP traffic, IM, VoIP, intensive eMBB traffic

	Information bits per slot (single UE case)
	868584


Proposal 5: Reuse link level simulation assumptions and system level simulation assumptions in TR 38.840 listed in Table 3.
Extension of Rel-16 DCI-based PDCCH for further 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 the “wake-up” indication is detected, it is possible that for a UE there is some slots of scheduling followed by several slots 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). If there is a signaling indicating the UE to skip the PDCCH monitoring for short time durations, more power saving and less impact on transmission latency are expected.
In the existing C-DRX mechanism, DRX command MAC CE is 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  in advance. 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 cause large impact on transmission latency.
[image: ]
[bookmark: _Ref47366116]Figure 1 Illustration of WUS based power saving, MAC-CE based inactivity timer termination and proposed PDCCH skipping scheme
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.
Observation 1: Existing DRX mechanism (including MAC-CE based termination of inactivity timer), WUS indication and dormancy adaptation cannot skip PDCCH monitoring in certain short durations.
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. 
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 will be referred as skipped duration. 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 some 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.
Proposal 6: Study DCI based PDCCH skipping in short duration in Rel-17 to trade-off between latency impact and power saving gain, including DCI based PDCCH skipping in indicated duration and adaptation to PDCCH monitoring periodicity. 

Discussion on the enhancement of adaptation to 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. A different maximum number of MIMO layers can be configured for each BWP. The UE adapts to the maximum number of MIMO layers by switching to the different BWP. BWP switching based adaptation on the maximum number of MIMO layers can bring the benefit of power saving. However, in the specification [3], the BWP switching delay is a number of slots as shown in Table 4. This is due to the delay required by PDCCH processing, RF parameter calculating/loading and new RF parameter applying. Therefore, only relying on BWP-switching based adaptation of maximum number of MIMO layers may introduce large scheduling interruption on the serving cell and cannot achieve fast adaptation of maximum MIMO layer in some cases due to the BWP switching delay. 


[bookmark: _Ref47367412]Table 4: 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.



Another point is the dynamic BWP switching triggered by DCI is not mandatory for UE and it is a UE capability. For UEs without this capability, only RRC configured BWP switching is possible. In this case BWP switching based adaptation of maximum number of MIMO layers is not possible for these UEs, which may restrict the application of power saving techniques. Also, it is not mandatory for network to always implement multiple BWPs in deployment. 
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. 
As shown in Figure 2, 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 indicates 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 switch delay.
 [image: ]
[bookmark: _Ref47367611]Figure 2 Illustration of adaptation to the maximum MIMO layers within the active BWP
[bookmark: OLE_LINK37]Proposal 7: Study the enhancement of dynamic adaptation to the maximum number of MIMO layers for shorter application delay.

Conclusion
In this contribution, we discuss the evaluation methodologies and simulation assumptions for connected-mode UE and discuss the potential power saving schemes. Based on the discussions and analyses, we have the following observations and proposals:
Proposal 1: The traffic model for the UE power saving scheme evaluation at least include FTP traffic, instant messaging, VoIP and intensive eMBB traffic.
Proposal 2: To evaluate the extension(s) of time domain adaptation for power saving, PDCCH based power saving signalling (wake-up indication) and cross slot scheduling based power saving are taken as the baseline for evaluation. 
Proposal 3:  The following metrics are considered in the evaluation of power saving mechanisms in the study:
· UE power saving gain
· Latency of packet/user perceived throughput
Proposal 4: Reuse the existing power consumption models in TR 38.840 and add the power consumption model in Table 2 in Rel-17.
Proposal 5: Reuse link level simulation assumptions and system level simulation assumptions in TR 38.840 listed in Table 3.
[bookmark: _GoBack]Observation 1: Existing DRX mechanism (including MAC-CE based termination of inactivity timer), WUS indication and dormancy adaptation cannot skip PDCCH monitoring in certain short durations.
Proposal 6: Study DCI based PDCCH skipping in short duration in Rel-17 to trade-off between latency impact and power saving gain, including DCI based PDCCH skipping in indicated duration and adaptation to PDCCH monitoring periodicity. 
Proposal 7: Study the enhancement of dynamic adaptation to the maximum number of MIMO layers for shorter application delay.
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