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Introduction
[bookmark: _Hlk510705081]The release 17 work item on UE power saving enhancements [1] includes the following objective: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

In this contribution we provide energy consumption evaluation results for potential paging enhancements.
Discussion
In this contribution potential paging enhancements are described and evaluated by comparison with the Release 15 baseline. The key schemes we evaluated are:
A. DCI-based Early Paging Indication
B. DCI-based Early Paging Indication with subgrouping of UEs
C. DCI-based Early Paging Indication combined with additional RS

In addition we evaluated also cross-slot scheduling and subgrouping UEs with the paging DCI.

Assumptions
To facilitate the evaluation, the assumptions listed in Table 1 were used. For any scheme, the energy consumption is calculated separately for scenarios where the UE is paged and not paged, after which the average energy consumption is derived based on the paging probability.
[bookmark: _Ref53746876][bookmark: _Ref53992642]Table 1 Evaluation assumptions.
	Parameter
	Value

	Numerology

	Subcarrier spacing
	30 kHz

	Bandwidth
	20 MHz

	TDD frame structure
	6 DL : 4 UL, repeated every 5 ms

	Number of beams
	8

	Paging

	Paging cycle
	1280 ms

	Paging probability per UE
	1 %

	Paging probability per group
	10 %

	Number of PDCCHs/PDSCHs received per PO
	1/2/3 for high/med/low SINR

	Number of subgroups 
	4/8/16

	Synchronization

	SSB periodicity
	20 ms

	SSB burst duration
	2 ms

	Number of SSBs received prior to PO
	1/2/3 for high/med/low SINR

	Offset from SSB to PO
	10 ms

	Measurements

	SMTC window for intra-frequency RRM measurements
	2 ms

	SMTC window for inter-frequency RRM measurements
	5 ms

	Time to switch frequency layer
	1 slot

	Cell search rate 
	25 %



The applied power consumption model is based on the RAN1 #102-e meeting agreements and the TR 38.840 [2]. The relevant model parameters are given in Table 2. Note the values are scaled to 20 MHz bandwidth. Furthermore, deep/light/micro sleep mode parameters are as specified in TR 38.840 [2].
[bookmark: _Ref53752075]Table 2 UE power consumption model.
	Parameter
	Value

	PDCCH only (same-slot scheduling)
	50

	PDCCH only (cross-slot scheduling)
	50

	PDCCH+PDSCH
	120

	PDSCH only
	112

	SSB
	50

	PDCCH + SSB
	68

	Intra-frequency RRM measurements only
	60

	Intra-frequency RRM measurements and cell search
	80

	Inter-frequency RRM measurements only
	60

	Inter-frequency RRM measurements and cell search
	60


[bookmark: _Ref53996517]Release 15 baseline
The baseline energy consumption is evaluated using the processing timelines given in Figure 1, Figure 2, and Figure 3 for low, medium, and high UE SINR scenarios, respectively. 
It is noted that the high SINR UE does not perform intra- and inter-frequency measurements of neighbour cells as it is assumed that the S-measure based relaxation is applied as per TS 38.304 [3]. Also, the time to switch to another frequency layer for performing inter-frequency measurements in low and medium SINR scenarios is subtracted from the sleep time prior to the measurement. This allows to align the SMTC window with the SSB period, but also results in the achievable sleep being micro sleep instead of light sleep.
Although the PO duration is 8 slots, when the UE is paged, the UE will receive PDCCH+PDSCH in 1/2/3 slots (for diversity gain) based on the SINR level, as noted in Table 1, and microsleep for the remaining 7/6/5 slots of the PO. When the UE is not paged, the UE will receive PDCCH in 1/2/3 slots based on the SINR level. 
In the following figures we illustrate the different processing timelines used as a Rel-15 baseline. 
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[bookmark: _Ref53992143]Figure 1 Processing timeline for Release 15 paging. UE in low SINR scenario. UE is paged.
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[bookmark: _Ref53992145]Figure 2 Processing timeline for Release 15 paging. UE in medium SINR scenario. UE is paged.
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[bookmark: _Ref53992148]Figure 3 Processing timeline for Release 15 paging. UE in high SINR scenario. UE is paged.

DCI-based Early Paging Indication
A potential paging enhancement is the DCI-based Early Paging Indication (EPI). The associated processing timeline for the low SINR UE is given in Figure 4 and Figure 5 for the UE being paged and not paged, respectively. The timeline when the UE is paged is the same as Figure 1, except that the UE also receives the EPI that is multiplexed to the same slot with the first SSB measurement occasion (i.e. SSB1). The power of the slot where EPI is monitored together with SSBs is calculated as
  
The duration of the EPI monitoring is set to 1 slot for all SINR scenarios because it is assumed that it is a simple indication telling the UE whether to monitor the PO or not. 
When the UE is not paged, it can skip receiving SSB2, SSB3 and the PO, (where SSB2 and SSB3 are SSBs transmitted subsequently after SSB1), and instead it can deep sleep until the inter-frequency measurement takes place.

[image: ]
[bookmark: _Ref53993163]Figure 4 Processing timeline for DCI-based EPI in low SINR. UE is paged.
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[bookmark: _Ref53993165]Figure 5 Processing timeline for DCI-based EPI in low SINR. UE is not paged.
A similar scheme, where the EPI contains the actual paging message scheduling information, i.e. the resource allocation for the PDSCH carrying the paging message, was also evaluated. In that scheme, the EPI monitoring duration was 1/2/3 slots to mimick the behaviour of the paging PDCCH reception in the Release 15 baseline scheme. The energy consumption is slightly higher for this scheme in the low and medium SINR scenarios as compared to the EPI outlined in Figure 4 and Figure 5, because more energy is spent receiving the EPI for both the paged and not paged scenarios. For the high SINR scenario the energy consumption is slightly lower, because the EPI monitoring duration is just 1 slot while the monitoring of the actual PO is reduced from PDCCH+PDSCH to PDSCH. This scheme is not included for further evaluation.
DCI-based Early Paging Indication with subgrouping of UEs
Based on the EPI scheme of Figure 4 and Figure 5, it was also evaluated how subgrouping the UEs will impact the energy consumption. Therefore, a scheme was designed, where the EPI can point to any of 8 subgroups of a PO. If a UE of a subgroup is indicated by the EPI it will receive the PO, otherwise not. Such an approach reduces the false alarm rate.
DCI-based Early Paging Indication combined with additional RS
In the work item [1] there is another objective targeting to examine the potential of providing the RRC Idle/Inactive UEs with additional reference signal. In this work, the power saving potential of complementing the DCI-based EPI with an additional RS is evaluated. It is assumed that the RS is sent in the same slot as the EPI and that the resulting power consumption is PDCCH+SSB (note the SSB and CSI-RS power consumption is the same, [2]).
The processing timeline is illustrated in Figure 6 and Figure 7 for the cases the UE is paged and not paged, respectively. Note that it is assumed that the UE in low and medium SINR scenarios only need to receive one SSB burst prior to the PO, because the additional RS can address the synchronization needs. The processing timeline for the high SINR scenario is similar, except the UE does not perform intra- and inter-frequency measurements as noted in Section 2.2.
[bookmark: _Ref53995915][image: ]
Figure 6 Processing timeline for DCI-based EPI combined with additional RS in low SINR. UE is paged.
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[bookmark: _Ref53995917]Figure 7 Processing timeline for DCI-based EPI combined with additional RS in low SINR. UE is not paged.
Other potential enhancements
In addition to the EPI schemes discussed above, the potential of cross-slot scheduling between the PO (PDCCH) and paging message (PDSCH), and subgrouping by indication in the PO (PDCCH), were also evaluated. 
In the former scheme (cross-slot scheduling), the power consumption of PDCCH monitoring is based on the cross-slot value. Due to the scaling to 20 MHz bandwidth, the power consumption is the same as in the same-slot scheduling , and therefore the potential gains are limited. The cross-slot value K0 was set to 1 in the evaluation. This is the largest K0 value supported by all UEs for Type2-CSS (as per FG5-1 in TS 38.822). In order to enable a larger K0 to be used for paging, UEs would need to support additional capabilities. Thus, this would result at least in fragmentation of the PDCCH, so that separate PDCCH sweeps may be needed for UEs with different capabilities. From system perspective the overhead can be considered to be similar as for EPI. 
Evaluation results
Figure 8 provides the evaluation result for the 3 key paging enhancements schemes described in the previous sections. For a group paging rate of 10 %, and with 8 subgroups, the energy savings relative to the Release 15 baseline (per SINR scenario) are in the order of 16 % - 37 % depending on the SINR scenario.
[image: ]
[bookmark: _Ref53997712]Figure 8 Evaluation results. Group paging rate of 10 %, 8 subgroups.
The DCI-based EPI leads to the noticeable energy savings, while enabling the EPI to also indicate a UE subgroup can save a few additional percentage-points, but with the additional cost of facilitating the subgrouping.
Combining the EPI with an additional RS does not lead to additional savings, because the UE, even though it is not paged (90 % of the time), will have to spend additional energy receiving the EPI and RS (see Figure 7).
Observation: DCI-based EPI approach may lead to power savings in order of 19 % - 37 % compared to the Release 15 baseline, depending on the SINR scenario.
Table 3 contains evaluation results of energy savings for the 3 evaluated schemes as a function of the group paging rate. For the scheme where EPI also contains grouping information, the results are also given as a function of the number of subgroups (4, 8, 16).
[bookmark: _Ref54008363]Table 3 Energy savings relative to Release 15 baseline. 
	[bookmark: _GoBack]Group Paging Rate
	SINR level
	R15 Paging+EPI
	R15 Paging+EPI with subgrouping 
	R15 Paging+EPI + additional RS

	
	
	
	4
	8
	16
	

	5 %
	Low
	35.4 %
	36.9 %
	37.2 %
	37.3 %
	32.3 %

	
	Med
	26.6 %
	27.8 %
	28.0 %
	28.1 %
	22.4 %

	
	High
	18 %
	18.8 %
	19.0 %
	19.1 %
	17.1 %

	10 %
	Low
	33.5%
	36.5 %
	37.0 %
	37.3 %
	32.0 %

	
	Med
	25.2 %
	27.5 %
	27.9 %
	28.0 %
	22.0 %

	
	High
	17 %
	18.6 %
	18.9 %
	19.1 %
	16.1 %

	20 %
	Low
	29.6 %
	35.7 %
	36.7 %
	37.2 %
	31.2 %

	
	Med
	22.2 %
	26.9 %
	27.6 %
	28.0 %
	21.1 %

	
	High
	15.0 %
	18.2 %
	18.8 %
	19.1 %
	14.3 %



The greatest potential energy savings are achieved for the low SINR scenarios and lowest group paging rate. For the EPI with subgrouping the gains increase only slightly with increased number of subgroups, thus considering the amount of additional bits needed it seems that increased number of subgroups is not well justified.
Observation: Potential energy savings reduce with increasing group paging rate and SINR.
Observation: In low SINR and high paging rate, subgrouping provides more gain over the other schemes.
Observation: Increasing the number of subgroups, indicated through EPI, beyond 4 does not provide meaningfull increase of the power saving gains.
In addition to the results presented above, evaluations were also performed using cross-slot scheduling K0=1 between the PO (PDCCH) and the paging message (PDSCH). However, potential energy savings gains are very limited (< 1 %) and therefore this is not considered as a potential enhancement for paging power saving.
Observation: Cross-slot scheduling of the paging message does not result in useful energy saving gains.
Finally, it was also evaluated whether indicating subgrouping in the PO, e.g. through use of spare bits in paging DCI, would provide energy savings. Similar to the cross-slot scheduling scheme, the gains are limited (< 1 %) and therefore not meaningful to pursue further in standardization.
Observation: Subgrouping through the paging DCI does not result in useful energy saving gains.
Based on the above evaluations, it is proposed to continue the discussion of EPI for objective 1a. To facilitate the introduction of the EPI, attention should be given in addition to the attainable power saving gains also to the mechanism to minimize/limit the system overhead.
Proposal: RAN1 to continue studying further details of the Early Paging Indication for paging power saving enhancement, accounting for the system overhead.
Conclusion
In this contribution we have presented evaluation results for the different paging enhancements, and made following observations and proposal:
Observation: DCI-based EPI approach may lead to power savings in order of 19 % - 37 % compared to the Release 15 baseline, depending on the SINR scenario.
Observation: Potential energy savings reduce with increasing group paging rate and SINR.
Observation: In low SINR and high paging rate, subgrouping provides more gain over the other schemes.
Observation: Increasing the number of subgroups, indicated through EPI, beyond 4 does not provide meaningfull increase of the power saving gains.
Observation: Cross-slot scheduling of the paging message does not result in useful energy saving gains.
Observation: Subgrouping through the paging DCI does not result in useful energy saving gains.
Proposal: RAN1 to continue studying further details of the Early Paging Indication for paging power saving enhancement, accounting the system overhead.
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