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In RAN#86 meeting, the RAN2-led WI of UE power saving enhancements in NR was agreed [1], and then in RAN#88 meeting, the WID was revised [2]. The WI has the following objectives:
	1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]
a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]
· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #102-e meeting
b) Specify means to provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs, minimizing system overhead impact [RAN1]
· NOTE: Always-on TRS/CSI-RS transmission by gNodeB is not required
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.
b) Study the feasibility and performance impact of relaxing UE measurements for RLM and/or BFD, particularly for low mobility UE with short DRX periodicity/cycle, and specify, if agreed, relaxation in the corresponding requirements [RAN4]
· NOTE: Supplementary RAN2 work, if needed, can be triggered by RAN4 LS



[bookmark: OLE_LINK41][bookmark: OLE_LINK24][bookmark: OLE_LINK17][bookmark: OLE_LINK16]In this contribution, we focus on RAN2 works about paging enhancements for UE power saving in idle/inactive mode. We first discuss the evaluation model for power analyses, based on which we then study the power saving gains for several potential paging enhancements.
Evaluation for power consumption
Timeline
The power consumption timelines before paging reception for different SINR cases are shown in the figures below.
Low SINR

 
Figure 1. Power consumption timeline for NR lower-SINR case
As shown in Figure 1, the UE monitors several SSB burst before paging occasion. This SSB monitoring serves the purposes of synchronization and intra-frequency measurements. The UE then decodes paging PDCCH and PDSCH if paging PDCCH indicates a paging message. After PO, a low-SINR UE also performs inter-frequency measurements during some SMTC window. Within the intervals between the above operations, UE enters light-sleep mode to save power.
High SINR


Figure 2. Power consumption timeline for NR higher-SINR case
In high-SINR case, we assume that synchronization can be completed using one SSB burst, and UE needs not to perform intra/inter-frequency neighbour cell measurements, because the serving cell strength is about corresponding thresholds.
The major difference between the timelines for low SINR and high SINR cases in our model is the number of SSB bursts UE needs to monitor before it is able to decode paging. In low-SINR case, UE needs to monitor more SSB bursts to achieve the require SINR level for paging decoding. As to be explained in later sections, this results in higher power consumption for low-SINR UEs, but it also means more power saving gain if proper paging enhancements are applied. 
To further explain why NR Idle/inactive mode UE power consumption needs to be reduced, the power consumption timeline for LTE UE with lower-SINR is shown in the Figure 3.


Figure 3. Power consumption timeline for LTE lower-SINR case
Comparing NR and LTE timelines, we observe that more power state transitions are needed for NR UEs, especially for those in low SINR. This is because LTE has CRS in every sub-frame, and even if UE needs to monitor multiple CRSs before paging reception, it needs not to wake up several time as in NR. Our analysis shows a 75% power consumption increase for NR UE compared to LTE UE. Although we may not see the power consumption problem in NR NSA since UEs camp on LTE, the significant increase of power consumption may be a major drawback of NR SA. It is desirable to have a new generation system (5G) at least as power efficient as an older generation system (4G). 
Observation 1:	Power saving for idle/inactive-mode UE needs to be studied if we want to have NR SA at least as power efficient as LTE.
Power model
As shown in the timelines, around each paging occasion, UE may be active for SSB monitoring and paging reception, or sleep between these active states. The power consumption varies for different states, and the state transition also consumes UE energy. In Table 1, we show our power sate modelling for idle/inactive mode UEs. The numbers shown in our model are relative values compared with power consumption for UE in deep sleep (i.e. PDS =1).
[bookmark: _Ref534722454]Table 1: Power state modelling for idle/inactive UEs
	Component Description
	Power notation
	Relative power
	Time notation
	Time (ms)

	SSB processing
	
	50
	
	2/4

	Intra-frequency neighbor cell measurement
	
	60
	
	2

	Paging occasion reception
	
	50/120 (without/ with PDSCH)
	
	1/4 (high/ low SINR)

	Inter-frequency neighbor cell
measurement
	
	60
	
	5

	Micro sleep
	
	45
	
	(*)

	Light sleep
	
	20
	
	(*)

	Deep sleep
	
	1
	
	(*)


(*) The value depends on the power saving scenario adopted.
We also model the following energy consumption for power state transitions in Table 2.
Table 2: Energy consumption modelling for power state transitions

	Component Description
	Energy notation
	Energy
	Occurrence notation

	Micro sleep transition
	
	0
	

	Light sleep transition
	
	100
	

	Deep sleep transition
	
	450
	


The number of power state transitions depends on the timeline. For example, in the baseline timeline for low-SINR case, there are 4 transitions to/from light sleep and one transition to/from The Idle-mode DRX cycle is set as  (ms).	
Based on the above timeline and power model, the baseline power consumption for I-DRX UE in high-SINR scenario is given by:

The baseline power consumption for I-DRX UE in low-SINR scenario is given by:

Since RAN1 and RAN2 start their works at the same time, we suggest that RAN2 consider the above power consumption model as baseline for the study of potential paging enhancements, and the model can be further adjusted based on RAN1 inputs.
Evaluation works in RAN2
We provide the above timeline and power consumption models to illustrate how UE power consumption may be calculated. These models need to be studied by RAN1 (for example, in [3]), and we expect to receive RAN1 LS after this meeting. Before RAN1 provides formal evaluation models, we can discuss some high-level requirements for evaluation works in RAN2, as listed below.
· RAN2 should perform quantitative analyses for UE power consumption based on the evaluation models provided by RAN1. The analyses can be based on simple calculations, and we do not see the need of complicated system level simulations.
· Power consumption should be evaluated for UEs with different SINR levels, since the UE wake-up behaviour around paging may depend on its SINR.
· Power consumption should be evaluated for different UE group paging rates (i.e. the probability that at least one UE in the group of UEs monitoring the same PO is paged), since the group paging rate affects UE behaviour of paging monitoring. For example, UE needs to decode paging PDSCH more frequently if the UE group paging rate is higher. 
· The evaluation may also be applicable to reduced capability UEs. Although that is another WI, we believe that power saving is also important for reduced capability UEs. Unified evaluation and even enhancements are preferred.  
Based on the discussions above, we have the following observation and proposal.
Observation 2:	Power consumption evaluation methodology needs to be studied by RAN1.
Proposal 1:	RAN2 confirms the following high-level requirements for UE power consumption evaluations:
· RAN2 should perform quantitative analyses for UE power consumption based on the evaluation models provided by RAN1. 
· Power consumption should be evaluated for UEs with different SINR levels.
· Power consumption should be evaluated for different UE group paging rates.
· The evaluations may also be applicable to reduced capability UEs.
Potential paging enhancements
Paging Early Indication (PEI)
1.1.1 The concept
From the power consumption model timeline, we observe that UE power consumption results not only from paging monitoring, but also from SSB processing and related power state transition. Moreover, extra SSB processing is needed for UE to decode paging PDCCH & PDSCH. If UE is able to know that there is no paging message in a paging occasion (PO), i.e. no UE in this group is paged, it can actually skip some SSB processing and go to deep sleep after synchronization and measurements on serving cell.
We propose a method called Paging Early Indication (PEI) for UE power saving. The idea is to ask the network to send an indication before a PO, indicating whether any UE monitoring the PO is to be paged. UE can skip PO monitoring if PEI indicates negative, otherwise UE decodes the paging PDCCH and PDSCH as usual. The timelines below show how PEI helps save power in low and high SINR scenarios. In low-SINR case, UE monitors the first SSB together with PEI, then UE can go to deep sleep if negative indication is found in PEI, and UE becomes active again for inter-frequency neighbor cell measurements. As shown in Figure 3, UE saves the monitoring of 2 SSB bursts and the PO, plus related light sleep and power state transitions.   


Figure 4. PEI in low-SINR scenario
In high-SINR case, as shown in Figure 4, if PEI indicates negative, the UE saves the power consumption for paging monitoring and related power state transitions. 


Figure 5. PEI in high-SINR scenario
1.1.2 Power saving gain
PEI indicates if any UE in a group of UEs (i.e. UEs monitoring the same PO according to PF/PO formula) is paged. The grouping paging rate is modeled as a function of individual UE paging rate and number of UEs monitoring the same PO: 
Group paging rate = 1 - (1 - UE paging rate)#UE.
We consider individual UE paging rate of 1%, then group paging rate ~ 10% when 10 UEs are in the same group, and ~60% when s100 UEs are in the same group. The two values represent the cases when normal and dense UE distributions, respectively. 
To evaluate the benefit of a power saving enhancement, we define the power saving gain as a function of power consumption with enhancements, Penh, and the baseline Pbase:

Based on the above model, we provide the power consumption and power saving gain analysis in the Table below.
Table 2. Power saving with PEI
	
	Group paging rate
	10%
	60%

	Low SINR
	Power (Baseline)
	3.0570
	3.1664

	
	Power (PEI)
	2.2189
	2.7939

	
	Power saving gain
	27.42%
	11.76%

	High SINR
	Power (Baseline)
	1.8234
	1.8508

	
	Power (PEI)
	1.4726
	1.6948

	
	Power saving gain
	19.23%
	9.21%


From the numbers above, we have the following observations:
· Higher power saving gain is achieved for lower group paging rate.
· With 10% group paging rate, more than one-fourth of power consumption can be saved with the introduction of PEI in low SINR case; in high SINR case the gain is around 20%. With a high group paging rate of 60%, less power can be saved, but PEI can still achieve around 10% power saving gain.
Considering the significant power saving gain achieved by PEI, we suggest that RAN2 adopt PEI as one of the R-17 paging enhancements.
Observation 3:	PEI brings significant power saving gain, especially for low SINR UEs. 
Observation 4:	Power saving gain of PEI is lower when UE group paging rate is higher.
Proposal 2:	Paging Early Indication (PEI) is considered as one paging enhancement for UE power saving in Rel-17.
Notice that a similar mechanism, referred to wake-up signal (WUS), was introduced for NB-IOT in Rel-15. In NB-IOT studies, we observed that WUS achieved meaningful power saving only for UEs in deep coverage. This is because if UE does not detect WUS, it can save the power for decoding PDCCH transmitted with a large number of repetitions for deep coverage. In contrast, the power saving gain by the proposed PEI in NR results from saving SSB monitoring and power state transitions, which is a specific problem for systems with ultra-lean design (i.e. reference signal is only available in some sub-frames, so as to reduce inter-cell interference). The PEI serves as an early indication for paging, but it does not “wake up” the UE in NR.
1.1.3 PEI design details & physical-layer requirements
RAN2 will discuss the detailed design for PEI once it is adopted as one of the R-17 paging enhancements. To support our proposed method, here we briefly discuss some design details that may draw attentions.  
Physical structure of PEI
The structure of PEI should be designed by RAN1. Currently, we see two major options:
1) Sequence-based PEI: Similar to NB-IoT WUS, PEI can be chosen from a set of pre-defined sequences. The major benefit of sequence-based PEI is that the PEI itself can also be used for measurements. One major concern is that more physical resources may be needed to transmit the PEI sequences.
2) DCI-based PEI: Similar to the DCP (DCI with CRC scrambled by PS-RNTI) for connected-mode UE power saving. The bits in a DCI-based PEI can be used to indicate the paging in different POs. While DCI-based PEI may not have capacity issue, one major concern is the pre-synchronization before PEI reception.
Power consumption due to PEI monitoring
While PEI is introduced to save UE power, receiving PEI also consumes power: Not only for PEI itself, but also for related power state transitions. To reduce the power consumption due to PEI reception, the network may transmit PEIs close to SSB bursts. This is already shown in our timeline figures.
Offset between PEI and PO
In NB-IOT WUS, the network configures a fixed offset between WUS and PO. In our PEI solution for Rel-17, if PEIs are to be transmitted close to SSB bursts, the offset between PEI and PO may vary. This requires new signaling design by RAN2. PEI configurations, including offset between PEI and PO, can be further studied by RAN2.
Based on the above discussions, we have the following proposals for potential RAN2 works:
Proposal 3:	To reduce power consumption due to PEI reception, PEIs should be located near SSB bursts. 
Proposal 4:	PEI configurations, including offset between PEI and PO, should be further studied by RAN2. 
Regarding physical structure of PEI, we need to inform RAN1 of related physical layer requirements. In our view, the following requirements can be listed:
· PEI is designed to indicate whether a group of UEs needs to monitor paging PO.
· The physical structure of PEI should allow UE to detect or decode the PEI with minimized pre-synchronization effort.
· The transmission of PEI should occupy as few physical resources as possible.
· The additional power consumption of PEI reception should be minimized.
Proposal 5:	The physical structure of PEI should be designed by RAN1. RAN2 should inform RAN1 of the following physical requirements:
· PEI is designed to indicate whether a group of UEs needs to monitor paging PO.
· The physical structure of PEI should allow UE to detect or decode the PEI with minimized pre-synchronization effort.
· The transmission of PEI should occupy as few physical resources as possible.
· The additional power consumption of PEI reception should be minimized.
UE grouping
In Rel-16 NB-IOT, UE-group WUS was introduced. The idea is to further divide UEs monitoring the same PO into subgroups, so as to reduce the “false alarm rate”, i.e. the chances that UE decodes paging message and finds that other UEs are paged but itself is not.
UE grouping may also be considered for NR paging. We see some options:
· “Pure” UE grouping: For example, we may have more than one paging PDSCH in each PO, and each PDSCH corresponds to a sub-group of UEs.
· UE-group PEI: Similar to UE-group WUS, multiple PEIs may be applied to subgroups of UEs monitoring the same PO. Notice that by comparing the results of 10% vs. 60% group paging rates in Table 2, more power saving gain can be obtained by PEI if we lower the group paging rate, which is exactly the purpose of UE sub-grouping. 
We believe that sub-grouping of UEs monitoring the same PO may be considered as one paging enhancement for UE power saving in Rel-17. There are some details for further study, e.g. how to group UEs, whether to combine PEI with UE grouping.
Proposal 6:	Sub-grouping of UEs monitoring the same PO may be considered as one paging enhancement for UE power saving in Rel-17.
TRS/CSI-RS information
As mentioned in the WID, the network may provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs. If such feature is introduced in Rel-17, the TRS/CSI-RS information can be used to save UE power for paging monitoring. The timeline for paging monitoring with TRS information in low SINR scenario is shown below.


Figure 6. Paging monitoring with TRS information for low-SINR UE 
Comparing the timeline with TRS to the baseline for low SINR case, we observe that the UE needs to monitor one SSB burst and one TRS before PO, instead of 3 SSB bursts, and thus UE can save some power. When TRS information is available, if PEI is not used, UE always monitors PO. 
UE may also utilize both PEI and TRS/CSI-RS: 
· PEI helps save power when no UE in the group not paged; UE can even skip paging PDCCH monitoring;
· TRS/CSI-RS information helps save power when some UE in the group is paged, i.e., when UE needs to decode paging PDSCH and thus requires higher accuracy.
Observation 5:	TRS/CSI-RS for connected-mode UEs may help idle/inactive-mode UEs reduce the power consumption for pre-wakeups before paging reception.
According to WID, the topic of TRS/CSI-RS occasion(s) for idle/inactive UEs is assigned to RAN1. From RAN2 perspective, we may postpone the discussion until RAN1 concludes on more details (e.g. which RS to use).
Proposal 7:	RAN2 can further discuss the usage of TRS/CSI-RS occasion(s) for idle/inactive UEs after RAN1 provides more details. 
Conclusion
This contribution discussed the paging enhancements for UE power saving in NR. We have the following observations:
Observation 1:	Power saving for idle/inactive-mode UE needs to be studied if we want to have NR SA at least as power efficient as LTE.
Observation 2:	Power consumption evaluation methodology needs to be studied by RAN1.
Observation 3:	PEI brings significant power saving gain, especially for low SINR UEs. 
Observation 4:	Power saving gain of PEI is lower when UE group paging rate is higher.
Observation 5:	TRS/CSI-RS for connected-mode UEs may help idle/inactive-mode UEs reduce the power consumption for pre-wakeups before paging reception.
It is proposed to discuss and decide on the following proposals:
Proposal 1:	RAN2 confirms the following high-level requirements for UE power consumption evaluations:
· RAN2 should perform quantitative analyses for UE power consumption based on the evaluation models provided by RAN1. 
· Power consumption should be evaluated for UEs with different SINR levels.
· Power consumption should be evaluated for different UE group paging rates.
· The evaluations may also be applicable to reduced capability UEs.
Proposal 2:	Paging Early Indication (PEI) is considered as one paging enhancement for UE power saving in Rel-17.
Proposal 3:	To reduce power consumption due to PEI reception, PEIs should be located near SSB bursts. 
Proposal 4:	PEI configurations, including offset between PEI and PO, should be further studied by RAN2. 
Proposal 5:	The physical structure of PEI should be designed by RAN1. RAN2 should inform RAN1 of the following physical requirements:
· PEI is designed to indicate whether a group of UEs needs to monitor paging PO.
· The physical structure of PEI should allow UE to detect or decode the PEI with minimized pre-synchronization effort.
· The transmission of PEI should occupy as few physical resources as possible.
· The additional power consumption of PEI reception should be minimized.
Proposal 6:	Sub-grouping of UEs monitoring the same PO may be considered as one paging enhancement for UE power saving in Rel-17.
Proposal 7:	RAN2 can further discuss the usage of TRS/CSI-RS occasion(s) for idle/inactive UEs after RAN1 provides more details. 
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