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Introduction
In WID “UE Power Saving Enhancement for NR” (RP-200938 RAN#88e), it was agreed to further study and specify enhancements for NR SA deployments for NR devices in idle/inactive mode. In this contribution we aim to address the following area outlined in the WID: 
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 #102e meeting

Discussion

Background

For Rel-17 paging enhancements it was agreed in RAN1#102-e to consider UE power saving gains and system impact including:
· Additional resource overhead and its implications
· Impact to Rel-15/Rel-16 idle/inactive-mode UEs and connected-mode UEs
· Impact to other legacy functionalities, including SI change and ETWS indication
· [NW energy consumption]
In this paper, 3GPP TR 38.840 [1] has been used as the source for UE power consumption model with adjustments agreed in RAN1#102-e (power scaling to 20MHz). When it comes to the NW power consumption, the model from [2] (and further explained in [3] and references therein) has been assumed.
Furthermore, the following assumptions (as agreed in RAN1#102-e) are used for the study (FR1):
· Paging Cycle length:				1,28 seconds
· SS burst periodicity:				20 ms
· Cell BW:					20 MHz
· Group Paging rate:				10 %
· Number of SSB processing before PO:	1...3
· Paging PDCCH configuration:		AL8
· Paging PDSCH configuration:		Mapping Type A, MCS0, TB Scaling
Based on the above, we provide our view on several enhancement methods in the following sections.

Paging Early Indication

An early paging indication (PEI) before a target PO acts as a wakeup signal to indicate to the UE whether to monitor PDCCH scrambled with P-RNTI at the PO. In our study, we assumed a typical FR1 configuration with one PO per frame. Furthermore, we assumed that one SSB is transmitted and the PEI (DCI-based) is occupying a single symbol with the same AL as the PO’s PDCCH.

[bookmark: _Ref54013635]NW/system impact

The NW activity timelines for two cases (legacy case and case with PEI) are depicted in Figure 1 where UEs are paged in two adjacent paging occasions.
[image: ]
[bookmark: _Ref53672711]Figure 1: Depicts NW’s timelines when paging UEs in 2 POs. The upper timeline reflects the legacy case (no PEI), whereas the lower shows the same scenario including a PEI transmission per PO.
The NW power profile for these two cases are visualized in Figure 2. The table shows the summary of energy consumption according to the model of [2] (and detailed in [3] as well). As can be seen, the impact of PEI transmission on the NW is an increase by ~20% in terms of relative power difference. The main contribution to the increase is the transitions associated with sleep states. It shall be noted that to maintain flexibility from the NW side, the PEI transmissions cannot be guaranteed to be in conjunction or adjacent to other transmissions and hence such transitions cannot be avoided.
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	Activity
	Relative Energy Cost

	
	Legacy Paging
	Paging + PEI

	SSB Tx
	0.2505
	0.2505

	PDCCH (AL8) Tx
	0.1402
	0.1402

	PEI (AL8) Tx
	0
	0.1402

	PDSCH Tx
	1.8231
	1.8231

	Sleep
	3.8639
	3.8492

	Sleep Transitions
	2.6550
	4.4250

	SUM
	8.73
	10.63







[bookmark: _Ref53673388]Figure 2: Shows the NW power profile for the two cases (Paging as legacy, and paging with PEI) during two adjacent POs. Color-coded as in Figure 1. The table shows the summary of energy consumption according to the model of [2].

1. [bookmark: _Toc54381098]To maintain scheduling flexibility for the NW, PEI transmissions cannot be guaranteed to be in conjunction/adjacent to other transmission. 
1. [bookmark: _Toc54381099]PEI transmissions lead to power increase in the NW due to their impact on transitions in/out of sleep state.

Furthermore, as can be seen in Figure 1, PEI leads to doubling of PDCCH resource consumption. Especially in a multi-beam deployment, there will be an excessive amount of PDCCH resources of high aggregation level that will be consumed due to potential PEI transmission (PEI sweeping). Irrespective of single/multi-beam deployments, any extra resources consumed due to PEI transmission should be considered in the context of paging and the amount of PDCCH resources associated to POs that the NW typically dimensions for. Note that regardless of the average group paging rate assumed, e.g. 10%, throughout the course of day at certain occasions there may be sudden paging storms leading to extensively higher paging rates than average. Once PEI is configured, the NW has no other choice than transmitting PEIs in order to not affect paging performance. Such doubling of consumed resources (PEI-PDCCH in addition to PO-PDCCH) would then lead to unacceptable blockage of other traffic during periods of high paging load. 
1. [bookmark: _Toc54381100]PEI transmissions double the amount of PDCCH resources dimensioned for paging.
1. [bookmark: _Toc54381101]Irrespective of an average assumed group paging rate, during periods of extensive paging load, the PEI transmissions lead to unacceptable blockage of control channel especially in multi-beam deployments where PEI needs to be swept.
Based on the above, we think that any potential PEI solution shall see to that the NW need not dimension for yet another set of resources (in particular, PDCCH) for possible PEI transmissions in addition to resources dimensioned for paging itself.  Instead, existing POs and paging DCI should be used for PEI. e.g. by using the reserved bits in paging DCI (P-RNTI scrambled DCI 1_0) as PEI and transmit them in the same time resources as already dimensioned for paging. Also, there should be enough flexibility through having a window of occasions for PEI transmission (like connected mode WUS).
UE impact

Here we study the impact of PEI on the UE. The UE activity timelines for the legacy case and PEI cases (with/without PO PDSCH) are depicted in Figure 3. The UE in this figure represents a good coverage UE meaning that a single SSB is enough for processing the PO’s PDSCH. The PDCCH PEI window duration (a window like connected mode WUS duration) in this figure is one slot; i.e. single symbol PEI that can arrive to the UE during a window of one slot. The PO PDCCH/PDSCH reception is during one slot as well. Note that the one slot PO PDCCH/PDSCH reception is irrespective of whether the NW is using a single/multi-beam deployment. Even in case of multi-beam deployment, the UE processes the PO instance corresponding to the best SSB out of the sweep.
1. [bookmark: _Toc54381102]In a multi-beam deployment, the UE is not mandated to receive more then one instance of the PO PDCCH/PDSCH sweep; the one corresponding to the best received SSB.
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[bookmark: _Ref53998468]Figure 3 Depicts UE’s paging timelines for a good coverage UE (1 SSB enough prior to PO PDSCH). The upper timeline reflects the legacy case (always PDCCH/PDSCH reception irrespective of being paged or not), whereas the two lower ones show the scenario including a PEI transmission prior to the PO.
The UE energy cost breakdown for these cases are summarized in Table 1.  As can be seen, the impact of PEI transmission in terms of relative power difference on the UE in good coverage is an increase by ~20% when the UE is paged due to the transitions associated to sleep states (see extra transitions in bottom part of Figure 3). 

	Activity
	Relative Energy Cost

	
	Legacy Paging
	PEI 
(not paged)
	PEI 
(paged)

	PDCCH PEI Rx
	0
	0.0195
	0.0195

	PDCCH+PDSCH PO Rx
	0.0468
	0
	0.0468

	SSB Rx
	0.0084
	0.0084
	0.0084

	Deep Sleep
	0.9917
	0.9917
	0.9913

	Light Sleep
	0.1563
	0.1563
	0.1563

	Light Sleep Transition
	0.0781
	0.0781
	0.0781

	Deep Sleep Transition
	0.3516
	0.3516
	0.7031

	SUM
	1.63
	1.61
	2.0









[bookmark: _Ref54003597]Table 1: summarizes the UE energy consumption for the cases (Paging as legacy, and PEI with/without paging) according to the UE power model [1].
This implies that for the majority of the UEs in a cell, being in good coverage (see e.g. [4]) where one SSB is enough for processing PO PDSCH, PEI reception comes at a larger cost when paged and brings negligible savings when not paged. Such PEI transmission would not only be in vain but quite wasteful from a system’s perspective as pointed out in 2.2.1 for the majority of the UEs. 
1. [bookmark: _Toc54381103]For UEs in good coverage and only in need of decoding one SSB prior to PO PDSCH reception, due to energy spent on sleep transitions, PEI reception increases UE power consumption when paged and brings negligible savings when not paged.

1. [bookmark: _Toc54381104]Since majority of the UEs in a cell are in good coverage (see e.g. [4]) PEI transmission increases system overhead without power saving benefit.
In our opinion, any solution introduced must be well justified, bring enough savings, and be useful for majority of the cases in the system. Assuming that only a minority of ~5% (or even 10%) of the UEs need multiple SSBs for processing PO PDSCH, the PEI solution claims of at best ~20..25% savings in idle mode for poor coverage UEs, and that idle mode power consumption itself only stands for at most ~27% of total power consumption (after all Rel-15/16 PS enhancements accounted for, see [5]), we do not think that the complexity introduced by PEI is justified for the benefit of (~0,05..0.1 x 0,25 x 0,27) ~0,3..0,7% average overall UE energy saving. 
1. [bookmark: _Toc54381105]If ~5..10% of the UEs at cell edge need multiple SSBs, and even if at best ~20..25% savings in idle mode  is assumed for such UEs with the PEI solution, considering that idle mode power consumption itself only stands for at most ~27% (see [5]) of total power consumption, the PEI benefits may only be ~0.3..0.7% average overall UE energy saving.
Instead we think that such corner cases where UE has to wake-up and receive multiple SSBs prior to a PO, can be addressed using existing tools such as using lower MCSes, larger RB allocation as well as TB scaling factor that was introduced in Rel-15 to improve Paging/Msg2 coverage. As the Figure 4 shows, through NW usage of TB Scaling 0.5 or 0.25 for paging PDSCH, the performance of PDSCH will no longer be inferior to PDCCH in low SINR cases despite single SSB processing.  
The Figure 4 shows PDCCH/PDSCH evaluations with a random uniform frequency offset between +- 2KHz as well as +-1.6 kHz and +-800 Hz at 4 GHz carrier frequency. Figure 5 shows standard deviation of frequency offset estimates, by correlating PSS and SSS of a single SSB. A 99% confidence interval gives Q-1(0.01/2)≈2.6, and from Figure 5 at -6 dB, this corresponds to approximately 770*2.6 = 2 kHz. We see from Figure 4 that this frequency error is tolerable.
1. [bookmark: _Toc54381106]When mechanisms such as TB scaling are used by NW, paging PDSCH performance robustness to frequency error (e.g. due to processing of smaller number of SSBs) is improved.
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[bookmark: _Ref54183749][bookmark: _Ref54183738]Figure 5: depicts the expected UE PDSCH BLER performance with different TB scaling values in comparison with PDCCH reception performance  for the cases 2RX and 4RX. Frequency offset is uniformly randomly distributed between +/- 800kHz, +/-1.6 kHz, +/-2kHz.
[image: ]
[bookmark: _Ref54278733]Figure 6 Standard deviation of estimated frequency offset, with 2 or 4 RX antennas, and with 0 or 3 kHz initial frequency offset
Based on the above discussion, in our view the trade-off between potential gains achievable due to PEI and associated system cost is not favorable, and there are several light-weight alternatives to address the idle mode paging power consumption. Therefore, we propose the following: 
[bookmark: _Toc54381108]PEI is not introduced as it brings very low overall saving when compared to system cost.

Cross-slot paging

We think that other already standardized solutions should be considered. Already as part of Rel-15 ([6], feature 5, index 5-1, component 11), a UE can be paged in cross-slot manner (K0>0) in idle mode , i.e. cross-slot scheduled in CSS. Note Type 2 CSS corresponds to P-RNTI (or paging search space). This can be utilized to provide cross-slot based power savings for paging.
From 38.822, FG5-1 which is Mandatory without capability signalling
10) DL scheduling slot offset K0=0
11) DL scheduling slot offset K0=1 for type 1 CSS without dedicated RRC configuration and for type 0, 0A, and 2 CSS

The UE activity timelines for the legacy case, Cross-slot cases (K0=1, with/without PO PDSCH), and PEI cases (with/without PO PDSCH) are depicted in Figure 6. The UE in this figure represents a good coverage UE meaning that a single SSB is enough for processing the PO’s PDSCH.

[image: ]
[bookmark: _Ref54019866]Figure 7 Depicts UE’s paging timelines for a good coverage UE (1 SSB) comparing 3 approaches. The top-most timeline reflects the legacy case (always PDCCH/PDSCH reception irrespective of being paged or not), then the two cross-slot timelines in which UE is not paged/paged. Finally the two lower ones show the PEI timelines.
[bookmark: _Hlk54022154]The average power/energy profiles for the three approaches of Figure 6 are visualized in Figure 7 assuming 10% paging rate. The legacy paging case is used as reference and compared to cross-slot and PEI.
[image: ]
[bookmark: _Ref54184203][bookmark: _Ref54020413]Figure 8 Shows the UE power/energy profile for the three cases (Paging as legacy, Paging Cross-slot, and paging with PEI) over time with 10% paging rate. 

As can be seen, cross-slot with K0=1 brings ~2,5% savings. As expressed earlier, this is quite a small portion of the total overall UE power consumption. However, the benefit of cross-slot is that it has very low impact on the NW and it benefits the whole UE population (i.e. including good coverage UEs). Furthermore, it is backwards compatible with no impact on Core NW in comparison with other methods such as PEI, or methods including new RNTIs, where the gNB has to know prior to the PO how to address the UEs. Potentially, new signaling could be introduced to guaranty K0>0 entries of TimeDomainAllocationList for paging in case the NW wishes to have both K0=0 and K0>0. Based on such signaling, Rel-17 UEs could adopt power saving schemes.

[bookmark: _Toc54381109]Consider cross-slot scheduling (with K0=1) for paging as it has very limited impact on the system and brings the savings for the whole UE population (poor and good coverage).
[bookmark: _Toc54381110]Study introduction of signaling in which the NW can guaranty entries of TimeDomainAllocationList with K0>0 for paging.

False Paging Reduction (Paging Grouping)

In Rel-16 Power Saving, paging grouping mechanism to minimize the rate of false paging was discussed. The grouping criteria (which groups should exist and how UEs are assigned to them) as such is highly dependent on traffic. We think that such grouping criteria is a separate discussion that can be handled by RAN2 and any potential grouping mechanism/tool discussed in RAN1 should aim at being agnostic to the grouping criteria developed separately.
The existing DCI format for paging scheduled in cross-slot manner can be used to convey grouping information. There are additional bits available in DCI format 1_0 with CRC scrambled by P-RNTI to convey such grouping information; at least 6 bits reserved in the DCI itself, and additionally 5 bits reserved in the Short Messages used by RRC. With this approach the UE is only required to monitor a single P-RNTI (i.e. no CN impact), and it does not consume NW resources in terms of excessive amount of PDCCHs. If such a mechanism is considered, RAN2 input will be needed regarding the number of bits used for grouping and grouping details. As an example, if 2 bits are used for UE-ID-Based grouping, the false paging rate is decreased from 10% to 2.5%. It shall however be noted that the expected power saving gains are very low since the UE just avoids PDSCH sample collection in additional 7.5% of POs.
1. [bookmark: _Toc54381107]Grouping information can be added to the reserved bits of P_RNTI scrambled DCI 1_0 scheduled in cross-slot. The expected gains are however quite low, e.g. an even distribution of UEs amongst 4 groups brings 10% rate down to 2,5% (UE just avoids PDSCH sampling in 7,5% of POs).
[bookmark: _Toc54381111]Ask RAN2 to provide input on whether grouping is necessary considering the quite low gains.

Conclusion
In previous sections, the following observations and proposals were made: 
Observation 1	To maintain scheduling flexibility for the NW, PEI transmissions cannot be guaranteed to be in conjunction/adjacent to other transmission.
Observation 2	PEI transmissions lead to power increase in the NW due to their impact on transitions in/out of sleep state.
Observation 3	PEI transmissions double the amount of PDCCH resources dimensioned for paging.
Observation 4	Irrespective of an average assumed group paging rate, during periods of extensive paging load, the PEI transmissions lead to unacceptable blockage of control channel especially in multi-beam deployments where PEI needs to be swept.
Observation 5	In a multi-beam deployment, the UE is not mandated to receive more then one instance of the PO PDCCH/PDSCH sweep; the one corresponding to the best received SSB.
Observation 6	For UEs in good coverage and only in need of decoding one SSB prior to PO PDSCH reception, due to energy spent on sleep transitions, PEI reception increases UE power consumption when paged and brings negligible savings when not paged.
Observation 7	Since majority of the UEs in a cell are in good coverage (see e.g. [4]) PEI transmission increases system overhead without power saving benefit.
Observation 8	If ~5..10% of the UEs at cell edge need multiple SSBs, and even if at best ~20..25% savings in idle mode  is assumed for such UEs with the PEI solution, considering that idle mode power consumption itself only stands for at most ~27% (see [5]) of total power consumption, the PEI benefits may only be ~0.3..0.7% average overall UE energy saving.
Observation 9	When mechanisms such as TB scaling are used by NW, paging PDSCH performance robustness to frequency error (e.g. due to processing of smaller number of SSBs) is improved.
Observation 10	Grouping information can be added to the reserved bits of P_RNTI scrambled DCI 1_0 scheduled in cross-slot. The expected gains are however quite low, e.g. an even distribution of UEs amongst 4 groups brings 10% rate down to 2,5% (UE just avoids PDSCH sampling in 7,5% of POs).

Proposal 1	PEI is not introduced as it brings very low overall saving when compared to system cost.
Proposal 2	Consider cross-slot scheduling (with K0=1) for paging as it has very limited impact on the system and brings the savings for the whole UE population (poor and good coverage).
Proposal 3	Study introduction of signaling in which the NW can guaranty entries of TimeDomainAllocationList with K0>0 for paging.
Proposal 4	Ask RAN2 to provide input on whether grouping is necessary considering the quite low gains.
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