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1. Introduction
In RAN#86 meeting, the WID for Rel-17 power saving enhancement is agreed [1], and the objectives are shown as follows.
	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 #100 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) [bookmark: OLE_LINK1][bookmark: OLE_LINK2]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


Based on the scope of WID, we will discuss the paging evaluation methodology and potential paging enhancement schemes in this contribution.
2. [bookmark: _Hlk25060711][bookmark: _Ref498564494][bookmark: _Hlk521582650]Evaluation methodology for IDLE/INACTIVE
In this section, the following aspects in additional to Rel-16 power saving evaluation methodologies are proposed/clarified,
· A) Power scaling model for 20MHz, e.g., BW scaling models and cross-slot scheduling models for 20MHz
· B) Paging assumptions for evaluation
· C) Assumptions for idle mode loop convergence (AGC, TTL & FTL) / time-frequency tracking, 
· e.g., How many numbers of SSB bursts should be used for loop convergence
2.1 A) Power consumption scaling for IDLE mode paging evaluation
In Rel-16 power saving WI, evaluation methodology of power consumption model is defined in TR38.840 [2]. It should be reused as much as possible in UE power saving enhancement WI unless otherwise essential justification is needed. As shown in the second column of Table 1, the power model defines a relative power consumption for different power state assuming that system bandwidth is 100 MHz, Subcarrier spacing (SCS) is 30 kHz and 1 component carrier (CC). 
For idle mode power consumption evaluation, 20 MHz initial bandwidth should be assumed instead of 100MHz channel bandwidth and other system assumptions such as SCS and CC number are kept unchanged. According to the bandwidth scaling of X MHz = 0.4 + 0.6 * (X - 20) / 80 with X=100MHz as the baseline. The scaling factor for 20 MHz is 0.4. Considering the BWP transition requirement explained as Note 1, the relative power of different power state is the maximum value between BWP transition power and the scaled down power, which is given in the third column of Table 1. 
[bookmark: _Ref47346957]Table 1: UE power consumption model for FR1
	Power State
	Relative Power 
(system bandwidth is 100 MHz)
	Relative Power
(initial bandwidth is 20 MHz)

	Deep Sleep
	1 
(Optional: 0.5)
	1 
(Optional: 0.5)

	Light Sleep
	20
	20

	Micro sleep
	45
	45

	PDCCH-only for same-slot scheduling
	100
	max {100*0.4, 50} = 50

	PDCCH-only for cross-slot scheduling
	70
	max {70*0.4, 50} = 50

	PDCCH + PDSCH
	300
	max {300*0.4, 50} =120

	PDSCH-only
	280
	max {280*0.4, 50} =112

	SSB or 
CSI-RS proc.
	100
	max {100*0.4, 50} = 50

	Intra-frequency RRM measurement
	150 (synchronous case, N=8)
	max {150*0.4, 50} = 60

	Inter-frequency RRM measurement
	150
	max {150*0.4, 50} = 60

	[bookmark: _Ref47347019][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Note 1: If the power after scaling is smaller than the BWP transition power, assume the BWP transition power as the output of scaling unless otherwise justified. BWP transition power is assumed as 50.
Note 2: Power of cross-slot scheduling is 0.7x same-slot scheduling.
Note 3: N is the number of cells for intra-frequency measurement.



Inaccurate model for cross-slot scheduling for 20MHz
The cross-slot scheduling may be a potential way to paging enhancement for power saving purpose, which is not yet supported by paging PDCCH for FR1. However, under this scaling method, the PDCCH-only for same-slot and cross-slot scheduling for 20MHz are the same, i.e. max {100*0.4/ 70*0.4, 50} = 50, which needs to be further checked due to the possible inaccurate scaling method used. 
For another example, the power scaling for PDCCH candidate reduction is according to P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt, where α is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0) and Pt is the PDCCH-only power for same-slot scheduling. But no matter what value α takes, the result is always equal to 50 dues to the assumption of BWP transition power. There are still many ambiguities existed in [2] caused by the BWP scaling method. Hence, the power consumption model especially for the related BWP scaling adopted in [2] needs to be further modified.
Intuitively speaking for PDCCH reception, when there is continuous downlink activity it is possible to define an average power for reception and processing. Combined Rx and processing power are assumed to be active for the duration of the symbols being processed. Processing-only power is active after reception finishes for a period which depends on the decoding being performed [3]. The Processing-only power part may not differ a lot between 100MHz or 20MHz. the main difference with respect to power consumption between 100MHz and 20MHz is from Rx+process part. For 100MHz, the cross-slot is 0.7x compared to same-slot scheduling, therefore, for 20MHz, the power differences between cross-slot and same-slot shall be less than 0.7x.  
[bookmark: _Ref47465568]Observation 1: For 20MHz, the power differences between cross-slot and same-slot PDCCH-only shall be less than 0.7x.
[bookmark: _Ref47378228]Proposal 1: Adopt power model in Table 1 (except the power of PDCCH-only of cross-slot scheduling) for power saving evaluation in idle/inactive mode.
2.2 B) Assumptions for IDLE mode loop convergence / time-frequency tracking 
For idle mode, UE need to perform paging monitoring, RRM measurement, AGC and T/F tracking based on SSB. The number of SSB reception per DRX cycle and number of POs UE monitors, which are up to UE implementation, are critical assumptions for power consumption evaluation. For different channel conditions, different processing procedure would be used in UE implementation. Hence, we need to align the numbers of SSB bursts used for loop convergence/ T/F tracking.
The setting of the number of SSB burst and the duration of paging occasion (PO) reception are explained as follow.
· Based on the analyses above, UE is able to implement differently for time-frequency synchronization, RRM measurement and PDCCH or PDSCH decoding in High SINR and Low SINR cases. So, it is reasonable to distinguish the two cases for evaluation;
· In Low SINR case, before PO reception, different UEs (e.g., chipset vendors) may need to process different number of SSB bursts (e.g., from 1 to 3 SSB bursts) for AGC and T/F tracking. we assume the worst case, e.g., three SSB bursts are needed for paging PDSCH decoding because it is more sensitive to T/F sync. error due to lower reference signal (RS) density. Obviously, the SSB bursts can also be used for serving cell and intra-frequency RRM measurement meanwhile. Another reason for this assumption is that compared with eMBB UE, reduced capability (RedCap) UE need more SSB measurement for time-frequency synchronization because of its limited capability of Rx antenna number. Hence, three SSB bursts configuration before PO reception is reasonable. Besides, one more SSB burst is required for inter-frequency RRM measurement.
· In High SINR case, inter-frequency/RAT RRM measurement will be unnecessary according to S-measurement criterion. And only one SSB burst is required for both serving cell measurement, PDCCH/PDSCH decoding.
[bookmark: _Ref47465570]Observation 2: Due to different SINR cases, different UE types (eMBB and RedCap UEs), different UE vendors, the number of SSBs for IDLE mode loop convergence / time-frequency tracking should consider different implementations and cases, e.g., from 1 to 3 SSBs. 
[bookmark: _Ref47465584]Proposal 2: The evaluation should assume the number of SSBs for IDLE mode loop convergence / time-frequency tracking can be 1 or 3.
2.3 C) Paging assumption for the baseline scheme
For paging enhancement evaluation, the baseline paging assumptions are critical,
· According to TS 38.304 [4], it is up to UE implementation to select beam(s) for the reception of the paging message and Short Message in multi-beam operations of paging procedure. We assume it is 1 ms in High SINR case, i.e. UE can receive PO using the best two Tx beams and 4ms in Low SINR case, i.e. UE needs to receive PO from all the candidate beam directions.
The gap between PO and the nearest SSB is assumed as [8~13ms].Other assumptions are based on the above analyses and the simulation assumptions given in [2], the baseline paging assumptions are shown in Table 2. Figure 1 intuitively depicts the baseline paging power consumption model. 
[bookmark: _Ref47347176][bookmark: _Hlk46949243]Table 2: Paging assumptions for FR1
	Parameter
	value

	I-DRX cycle
	1.28 sec

	SSB periodicity
	20 ms

	paging rate for a PO4
	10% or 20%

	SMTC window duration, i.e. intra-frequency measurement
· 2 SSBs per slot are measured, total SSB number is 8.
	2 ms

	SMTC window duration for all other cases, i.e. inter-frequency measurement
	5 ms

	Total number of SSB burst
	4 in Low SINR case;
1 in High SINR case.

	PO reception duration
	8 slots/4 ms per DRX cycle in Low SINR case;
2 slots/1 ms per DRX cycle in High SINR case.

	Note 4: paging rate for a PO (per PO paging rate) means the overall paging rate for all UEs of one PO. It depends on the number of UEs for one PO and the average paging rate for one UE.





[bookmark: _Ref47347226]Figure 1: The baseline paging assumption model
[bookmark: _Ref47348171][bookmark: _Ref47465587]Proposal 3: Paging assumptions in Table 2 in R1-2005388 should be adopted.
3. Potential paging enhancement schemes
In one paging cycle, UE need to wake up to do AGC, T/F/beam tracking, RRM, paging monitoring, etc., and if CRC scrambled with P-RNTI fails, UE will go to sleep, e.g., deep sleep in the remaining time of this paging cycle. In LTE, consecutive CRS can be used for AGC, T/F/beam tracking, RRM in idle mode. In NR, the SSB is used and SSB is transmitted with periodicity, e.g., 20ms. There will cause a time gap between SSB and PO. What’s more, in NR, SSB and paging are transmitted in a beam-sweeping fashion while in LTE, CRS and paging are transmitted in a broadcast way. All the above will make UE in NR wake up a longer time in each paging cycle than UE in LTE. Below figure shows the current distribution for a paging wake-up for 4G and NR. The wake-up time of NR is about 2 times of wake-up time of LTE. According to our measurements, the average power for idle mode in NR is at least 30% higher than the power in LTE. This will reduce the UE’s battery life. For smart phones, the time ratio for idle mode is about 80% while for wearables, there is a more than 90%-time ratio for idle mode. So, paging in idle/inactive mode of NR need to be enhanced to minimize the UE wake-up time for power saving.
[image: ]
Figure 2: UE current distribution for paging in idle mode
There are three main paging enhancement options, 
· Option 1: group paging indication by using legacy paging PDCCH. This option has the least spec impact.
· Option 2-1 (sequence based WUS): configuring wake-up signal (WUS) before PO reception to early indicate whether to wake up UE to do paging reception. The relevant sequence design is required for this option. 
· Option 2-2 (PDCCH based WUS): configuring WUS before PO reception to early indicate whether to wake up UE to do paging reception. Dedicated DCI format design is required for this option.
3.1 Paging grouping indication using legacy paging PDCCH (Option 1)
For Option 1, it is obvious that given one per PO paging rate, more paging group will lead to lower per group paging rate. As mentioned in our companion’s contribution [5], there are 11 bits reserved in legacy paging PDCCH and some of the reserved bits can be used to indicate which group is to be paged. Assuming the number of paging group is N and per PO paging rate is X = [10%, 20%]. The per group paging rate Y can be calculated by formula: 1- (1-Y) ^N=X, as shown in Table 3. However, comparing with the baseline scheme in Figure 1, the power saving gain given in Table 4 is much limited, because the difference between relative power of the case with paging reception (wake up) and that with no paging reception (sleep) is negligible. Even the group paging rate decreases to 0, the power saving gain compared with baseline scheme is no more than 1.4%. Besides, the power saving gain will increase gradually with the increment of PO paging rate.
In addition, as analysis in Section 2.1, due to the flaws of bandwidth scaling method, the power consumption of PDCCH-only for cross-slot scheduling is the same as that of PDCCH-only for same-slot scheduling. Based on this fact, legacy paging PDCCH for cross-slot scheduling is not considered into Option 1.
[bookmark: _Ref47347376]Table 3: Per group paging rate
	The Number of paging groups per PO
	4
	8
	16

	Per PO paging rate
	10%
	20%
	10%
	20%
	10%
	20%

	Per group paging rate
	2.6%
	5.4%
	1.3%
	2.8%
	0.7%
	1.4%



[bookmark: _Ref47347738]Table 4: Power saving gain by using Option 1
	Cases
	Average relative power in a slot (sleep / wake up)
	Power saving gain (vs the baseline scheme)

	
	
	PO paging rate: 10%
	PO paging rate: 20%

	
	
	4 groups 
	8 groups
	16 groups
	4 groups 
	8 groups
	16 groups

	Low SINR
	3.035/3.254
	<0.72%
	<1.4%

	High SINR
	1.663/1.718
	<0.33%
	<0.66%



[bookmark: _Ref47348146]Observation 3: The power saving gain is marginal by configuring the group paging indication in legacy paging PDCCH.
3.2 Paging enhancement with wake-up signal (Option 2-1 and Option 2-2)
3.2.1 WUS without group paging indication
[bookmark: OLE_LINK5]For Option 2-1 (sequence based WUS) and Option 2-2 (PDCCH based WUS), we assume the WUS duration is 2 ms and the relative power is 50 which is the same as SSB and PDCCH-only. The gap between WUS and the neatest SSB burst is [0~5 ms]. As shown in Figure 2, there are three WUS candidate positions, but not all of them can be applied for PDCCH based WUS. At least candidate position 1 cannot be configured for PDCCH based WUS and it has to be only applied for sequence based WUS. Besides, WUS can also impact how many SSB burst the UE need to process.
Table 5 gives the assumptions for the number of SSB burst that UE need to receive before PO with different WUS indication. In Low SINR case, as shown in Figure 2, when WUS indicates there is no paging, UE will skip two SSB bursts and PO reception to only receive one SSB burst before PO for intra-frequency measurement. Otherwise, UE should receive all of them. In High SINR case, there is only one SSB burst for serving cell RRM measurement. Furthermore, serving cell RRM relaxation can be considered in High SINR case for power saving. However, there is no power saving gain by using PDCCH based WUS configured in position 3 because the one SSB cannot be relaxed with the WUS decoding requirement. In contrast, sequence based WUS does not need SSB for decoding purpose, so the SSB burst measurement can be relaxed directly. Besides, the WUS sequence itself has the serving cell measurement function. Hence, we give two kinds of evaluation for High SINR case, i.e. with or without RRM relaxation. 4x serving cell RRM relaxation is assumed which means SSB measurement will be done every four paging cycles. 
[bookmark: _Ref47347533][bookmark: _Hlk46952493]Table 5: The number of SSB burst that UE need to receive before PO reception
	Cases
	Low SINR case
	High SINR case

	WUS indicates to wake up
	3
	1, without RRM relaxation
0 (3/4) and 1 (1/4), with RRM relaxation

	WUS indicates to sleep
	1
	1





[bookmark: _Ref47347487]Figure 3: Paging model in Option 2-1 or Option 2-2
Based on the assumption mentioned above, the power saving gain of different cases are shown in Table 6. It is up to 21.6%~29.2% power saving gain in Low SINR case and 1.2%~11.2% gain in High SINR case. And there is no obvious difference by using PDCCH based WUS or sequence based WUS in Low SINR case. Among all of the candidate positions, the highest power saving gain can be obtained when WUS is configured in position 2, i.e. the within the SSB slot. Besides, for High SINR case, the gain is decreased especially when there is no RRM relaxation. Compared with sequence based WUS, PDCCH based WUS has no benefit or even worse in High SINR case because the SSB burst before it cannot be skipped. Therefore, sequence based WUS is preferred compared with PDCCH based WUS.
[bookmark: _Ref47347811]Table 6: Power saving gain by using Option 2-1 or Option 2-2
	Cases
	Average relative power in a slot
(sleep / wake up)
	Power saving gain
(vs R16 baseline scheme)

	
	
	PO paging rate: 10%
	PO paging rate: 20%

	Low SINR 
	Option 2-1 in position 1
or Option 2-2 in position 3
	2.164 / 3.420
	25.1%
	21.6%

	
	Option 2-1 in position 2
	2.039 / 3.284
	29.2%
	25.7%

	High SINR 
	Option 2-1 in position 1
	1.4914 for rate=10%, 1.535 for rate=20% 
	10.6%, 4x RRM relax 

	8.3%, 4x RRM relax


	
	
	1.60/1.87
	2.5%, no relax
	1.2%, no relax

	
	Option 2-1 in position 2
	1.48/1.76
	11.2%, 4x RRM relax
	9.1%, 4x RRM relax

	
	Option 2-2 in position 3
	-
	-
	-

	Note 5: the result of Option 2-2 in position 3 is not given because it has no power saving gain.



[bookmark: _Ref47348148]Observation 4: By configuring WUS before PO reception, up to 21.6%~29.2% power saving gain in Low SINR case and 1.2%~11.2% gain in High SINR case can be achieved. 
[bookmark: _Ref47348149]Observation 5: For Low SINR UEs, sequence based WUS has more benefits than PDCCH based WUS from power consumption perspective.
Observation 6: There is no power saving benefit by PDCCH based WUS for High SINR UEs. 
3.2.2 WUS with group paging indication
In Section 3.2.1, both Option 2-1 (sequence based WUS) and Option 2-2 (PDCCH based WUS) are assumed without considering the group paging indication method. Actually, for Option 2-1, it can be further enhanced by introducing, e.g., sequenced based UE grouping method as specified in Rel-16 NB-IoT UE group WUS. That is, different sequences can indicate paging need for different UE groups linked to one PO. Similarly, the group indication method of Option 1 can be further introduced for Option 2-2, i.e., some DCI bit in PDCCH based WUS to indicate the page group information. More power saving gain is expected when UE group paging indication is introduced for Option 2-1 and Option 2-2, with limited complexity.
[bookmark: _Ref47348175]Proposal 4: UE grouping indication for sequence based WUS and PDCCH based WUS should be studied and evaluated.
3.3 Summary for different Paging enhancement options
Table 7 shows the power saving gain comparison of the mentioned three paging enhancement schemes. It is obvious that the Option 2-1 can achieve the highest power saving gain. 
[bookmark: _Ref47347937]Table 7: The power saving gain comparison of the three paging enhancement schemes
	Paging enhancement schemes
	Power saving gain
(vs Rel 16 baseline paging method)

	
	PO paging rate =10%
	PO paging rate =20%

	
	Low SINR
	High SINR
(with/without RRM relaxation)
	Low SINR
	High SINR
(with/without RRM relaxation)

	Option 1: group paging by using legacy paging PDCCH
	<0.72%
	<0.33%
	<1.4%
	<0.66%

	Option 2-1: sequence based WUS
	25.1%
	10.6% / 2.5%
	21.6%
	8.3% / 1.2%

	Option 2-2: PDCCH based WUS
	25.1%
	-
	21.6%
	-

	Note 1: ‘-’ denotes the power saving gain is smaller than 0.



[bookmark: _Ref47348153]Observation 7: Sequence based WUS scheme has the most power saving gain compared with other paging enhancement schemes.
[bookmark: _Ref47348177]Proposal 5: Sequence based WUS before PO reception should be supported for paging enhancement.
4. Conclusion
In this contribution, we have discussed the paging evaluation methodology and the potential paging enhancement schemes, and we have the following observations and proposals:
Observation 1: For 20MHz, the power differences between cross-slot and same-slot PDCCH-only shall be less than 0.7x.
Observation 2: Due to different SINR cases, different UE types (eMBB and RedCap UEs), different UE vendors, the number of SSBs for IDLE mode loop convergence / time-frequency tracking should consider different implementations and cases, e.g., from 1 to 3 SSBs.
Observation 3: The power saving gain is marginal by configuring the group paging indication in legacy paging PDCCH.
Observation 4: By configuring WUS before PO reception, up to 21.6%~29.2% power saving gain in Low SINR case and 1.2%~11.2% gain in High SINR case can be achieved.
Observation 5: For Low SINR UEs, sequence based WUS has more benefits than PDCCH based WUS from power consumption perspective.
Observation 6: There is no power saving benefit by PDCCH based WUS for high SINR UEs. 
Observation 7: Sequence based WUS scheme has the most power saving gain compared with other paging enhancement schemes.
Proposal 1: Adopt power model in Table 1 (except the power of PDCCH-only of cross-slot scheduling) for power saving evaluation in idle/inactive mode.
Proposal 2: The evaluation should assume the number of SSBs for IDLE mode loop convergence / time-frequency tracking can be 1 or 3.
Proposal 3: Paging assumptions in Table 2 in R1-2005388 should be adopted.错误!未找到引用源。
Proposal 4: UE grouping indication for sequence based WUS and PDCCH based WUS should be studied and evaluated.
Proposal 5: Sequence based WUS before PO reception should be supported for paging enhancement.
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