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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

At the RAN1 #103-e it was agreed that For NR idle/inactive-mode paging enhancement, paging early indication before paging occasion is supported from RAN1 perspective​


And the remaining open issues include· Specify physical layer design based on DCI, SSS or TRS/CSI-RS for paging early indication before paging occasion
· Discuss the feasibility and limitation of incorporating other paging enhancement scheme(s), including UE sub-grouping and/or cross-slot scheduling

In this contribution we provide our view on the open issues and updated energy saving results. Note we use the terms paging early indication (PEI) and early paging indication (EPI) interchangeably. 
RAN2 also send a LS [4] to RAN1 regarding the paging enhancements. We discuss the related issues in this paper and provide a draft reply LS in [5].
Discussion
In this contribution the following early paging indication (i.e. paging early indication) enhancements are described and evaluated by comparison with the Release 15 baseline 
A. DCI-based Early Paging Indication
B. DCI-based Early Paging Indication with subgrouping of UEs
C. TRS-based Early Paging Indication 
D. SSS-based Early Paging Indication


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 % (unless noted otherwise)

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

	Number of subgroups 
	1 (unless noted otherwise)

	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]. We assume that power consumption for reception of Secondary Synchronization Signal-based EPI corresponds to the SSB burst reception power consumption.
[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/TRS/SSS
	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 and Figure 2 for low and high UE SINR scenarios, respectively. The medium SINR scenario is similar to the low SINR scenario except that the medium SINR UE does not receive SSB2.
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 processing timelines for low and high SINR 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: _Ref53992148]Figure 2 Processing timeline for Release 15 paging. UE in high SINR scenario. UE is paged.

DCI-based Early Paging Indication
The processing timeline for the low SINR UE using DCI-based Early Paging Indication (EPI) is given in Figure 3 and Figure 4 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 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 3/2/1 slots for low/medium/high SINR scenarios. 
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.
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[bookmark: _Ref53993163]Figure 3 Processing timeline for DCI-based EPI in low SINR. UE is paged.
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[bookmark: _Ref53993165]Figure 4 Processing timeline for DCI-based EPI in low SINR. UE is not paged.

DCI-based Early Paging Indication with subgrouping of UEs
Based on the EPI scheme of Figure 3 and Figure 4, 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.
TRS-based Early Paging Indication 
A potential alternative to the DCI-based EPI is the Tracking Reference Signal (TRS). It has previously been discussed that the UE receiving TRS-based EPI can reduce the number of SSB bursts it decodes prior to paging monitoring, because the TRS also facilitates, at least partially, the time-frequency synchronization.
In this contribution, we assume the UE can receive 2 TRS per slot and that TRS-based EPI is signalled in 8/4/2 slots for low/medium/high SINR UEs. We assume the power consumption for receiving 2 TRS per slot corresponds to the SSB/CSI-RS power consumption definition in TR 38.840 [2], which when scaled to 20 MHz requires 50 power units.
To examine the energy saving potential of omitting SSB burst reception and relying solely on TRS two schemes are implemented, where the UE either receives 1 SSB burst + TRS or TRS only. Independently of those schemes, low and medium SINR UEs cannot avoid performing intra-frequency measurements.
Figure 5 and Figure 6 illustrate the processing timely for the low SINR UE when it is paged and not paged, respectively. In this scenario, the UE receives 1 SSB burst and performs intra-frequency measurements prior to the TRS-based EPI. The medium SINR UE scheme looks similar except the TRS monitoring duration is reduced from 8 to 4 slots, while the high SINR UE skips the intra- and inter-frequency measurements (in line with the baseline assumptions) and only monitors TRS-based EPI for 2 slots.
Figure 7 and Figure 8 illustrate the processing timely for the low SINR UE when it is paged and not paged, respectively. In this scenario, the UE only performs intra-frequency measurements prior to the TRS-based EPI. The medium SINR UE scheme looks similar except the TRS monitoring duration is reduced from 8 to 4 slots, while the high SINR UE skips the intra- and inter-frequency measurements (in line with the baseline assumptions) and only monitors TRS-based EPI for 2 slots.
[bookmark: _Ref53995915][image: ]
[bookmark: _Ref61851551]Figure 5 Processing timeline for TRS-based EPI when an SSB is received prior to the EPI in low SINR. UE is paged.
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[bookmark: _Ref53995917]Figure 6 Processing timeline for TRS-based EPI when an SSB is received prior to the EPI in low SINR. UE is not paged.
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[bookmark: _Ref61851556]Figure 7 Processing timeline for TRS-based EPI when an SSB is not received prior to the EPI in low SINR. UE is paged.
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[bookmark: _Ref61851558]Figure 8 Processing timeline for TRS-based EPI when an SSB is not received prior to the EPI in low SINR. UE is not paged.

SSS-based Early Paging Indication 
Another potential alternative to the DCI-based EPI is the Secondary Synchronization Signal (SSS)-based EPI. Similar to the DCI-based EPI, we assume the UE needs to receive 1,2,3 SSBs prior to monitoring the paging occasion for low/medium/high SINR UEs. We assume a single symbol is used for SSS per beam and thus 8 symbols in total for our 8 beams scenario. We assume the 8 SSS symbols are allocated within the same slot for best case power consumption, which we estimate to 50 power units for 20 MHz bandwidth, which is in line with the power model for receiving a SSB burst. Figure 9 and Figure 10 illustrate the processing timeline for the low SINR UE when it is paged and not paged, respectively.
On the contrary to the DCI-based EPI, we assume the SSS-based EPI cannot be co-located with the SSB and thus it follows right after SSB1. 
[image: ]
[bookmark: _Ref61852398]Figure 9 Processing timeline for SSS-based EPI in low SINR. UE is paged.
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[bookmark: _Ref61852400]Figure 10 Processing timeline for SSS-based EPI in low SINR. UE is not paged.
Evaluation results
Figure 11 provides the evaluation result for the DCI, TRS and SSS-based EPI schemes described in the previous sections. It is assumed for purpose of the evaluation that each EPI design, that no sub-grouping is used. For a group paging rate of 10 %, the energy savings relative to the Release 15 baseline (per SINR scenario) are 29 % -32 % for low SINR UE, 21 % - 25 % for medium SINR UE, and 16-21 % for high SINR UE. The gain decreases with increasing SINR because the monitors less SSB burst according to the Release 15 baseline assumptions. 
The DCI-based EPI provides slightly higher energy saving potential than the SSS-based EPI and the TRS-based EPI for low and medium SINR UEs. For high SINR UEs the TRS-based EPI scheme, where the UE does not receive SSB burst, provides 3 %-points better energy saving than the DCI-based EPI. However, if the UE needs to receive the SSB burst, the TRS-based EPI scheme consumes 1 %-points more energy than the DCI-based EPI.
Observation: DCI-based EPI consistently provides the highest energy saving potential for low/medium/high SINR UEs as compared to SSS- and TRS-based EPI.

[bookmark: _Ref53997712][bookmark: _GoBack][image: ]
Figure 11 Evaluation results. Group paging rate of 10 %, with 1 sub-group.
To evaluate the possible gains with different number of sub-groups, range of sub-groups {2,4,8,16} with different paging rates {10%, 20%, 30%, 40%} were evaluated. For this evaluation the DCI-based EPI design was assumed. As expected, the gain of subgroups increase with increasing paging rate. At low SINR and 40 % paging rate, 16 groups save an additional 10 % versus 2 groups and 5 % versus 4 groups, however for all other scenarios the advantage of using more than 4-8 subgroups is limited.
Observation: DCI-based EPI with 4-8 subgroups provide reasonable energy saving gain compared to DCI-based EPI without groups, while larger groups (16) only marginally improve the energy saving potential.
Table 3 Energy saving gain vs DCI-based EPI without subgrouping. All numbers in %.
	
	#Subgroups\Group paging rate
	10 %
	20 %
	30 %
	40 %

	Low SINR
	2
	3.1
	5.8
	8.2
	10.3

	
	3
	4.1
	7.7
	10.9
	13.8

	
	4
	4.6
	8.6
	12.3
	15.5

	
	8
	5.4
	10.1
	14.3
	18.1

	
	16
	5.7
	10.8
	15.3
	19.4

	Medium SINR
	2
	2.1
	4.0
	5.7
	7.3

	
	3
	2.8
	5.3
	7.6
	9.8

	
	4
	3.1
	5.9
	8.6
	11.0

	
	8
	3.6
	6.9
	10.0
	12.9

	
	16
	3.9
	7.4
	10.7
	13.8

	High SINR
	2
	1.3
	2.6
	3.7
	4.9

	
	3
	1.8
	3.4
	5.0
	6.5

	
	4
	2.0
	3.8
	5.6
	7.3

	
	8
	2.3
	4.5
	6.6
	8.5

	
	16
	2.5
	4.8
	7.0
	9.1


.
Proposal: Agree that EPI design should support 8 sub-groups. Actual number used should be configurable by network.
In RAN2 LS [4], RAN2 raised following paging enhancements:
· Paging indication for UE subgroups using paging DCI, with either same-slot or cross-slot scheduling;
· Paging early indication (PEI) / wake-up signal (WUS) for UE subgroups;
· UE subgroup indication by using multiple P-RNTIs;
· Paging for UE subgroups using different time/frequency resources

As evaluated already in last meeting [6] the benefit of introducing paging sub-grouping in paging DCI, has minimal gains with typical paging probabilities, and therefore it is not seen beneficial to pursue sub-grouping in paging DCI. Correspondingly, using cross-slot scheduling, e.g. with K0=1 supported Rel-15/16 UEs does not provide meaningful gains [6]. 
Proposal: Paging enhancements on paging DCI are not further pursued as they provide limited power saving gain. RAN1 focuses the effort to finalize the EPI design.
RAN2 also noted that the two last methods were lower priority from RAN2 perspective. These lower priority schemes do not appear to provide any benefit over the scehemes discussed in Section 2. Using P-RNTI’s to sub-grouping indication would require large number of RNTIs to enable full flexibility in terms of sub-group indication (2N), and would increase the UE complexity. Using different time/frequency resources to indicate sub-groups based on paging DCI would also increase the system overhead and the amount of resources needed would increase with increased number of sub-groups. Thus neither scheme is seen worth pursuing furher.
Proposal: Sub-grouping indication via different P-RNTIs or different time/frequency resources for paging DCI are not considered further. 
Draft reply to RAN2 LS is provided in [5].
EPI design
In last RAN1 meeting it was agreed to support early paging indication mechanism. It was left for further discussion which signal or channel would be used for delivering the indication and the detailed desing. In this section we consider these aspects. Three different candidates were proposed for EPI;
· PDCCH /DCI
· TRS
· SSS
Firstly when considering these options we consider the feasibility of multiplexing the EPI signal with CONNECTED mode users and also the overhead. Overhead is of course largely dependent on the assumed paging rate, but from multiplexing perspective the mechanism to reserve resources has also impact. 
Thus, considering PDCCH/DCI based EPI design, it is evident that multiplexing of the PDCCH-EPI can be done in a straight forward manner with existing mechanisms without any need for special handling. The resource reservation in CORESET will of course affect to the PDCCH capacity, depending on the used aggregation level (e.g. AL8 576 RE’s). In terms of multiplexing, PDCCH/CORESET multiplexing is also accounted in SS/PBCH block symbol domain patterns.
TRS-based PEI could also be multiplexed with CONNECTED mode UE/PDSCH with the use of aperiodic ZP-CSI-RS that are triggered with DCI. UEs would need to be configured with a corresponding ZP-CSI-RS pattern, where the number of the ZP-CSI-RS resource sets is limited to 3 per BWP (and 16 resources per set), resulting in an upper bound for all ZP-CSI-RS use cases. The TRS configuration requires that the symbols containing CSI-RS are present in pairs, separated by 4 symbols e.g. Î{2,6} or {3,7} in one or two slots. Single TRS-EPI would require 3 REs per PRB, where the number of PRBs would depend on the initial BWP BW, e.g. assuming 24PRBs would result in 144 REs per slot. The total resource reservation would depend on the detailed design, e.g. how many different sequence IDs can be used to carry information in single TRS resource set, and how many different TRS resource sets is needed to meet the desired information payload. The reserved/used resources would of course affect PDSCH capacity. Due to the defined symbol allocations, the multiplexing of the TRS-EPI to slots where SSB is present could be somewhat restricted (assuming that the SSB is within the intial BWP). Note that if the number of simultaneous TRS resource sets (in a slot) is increased beyond 3, dynamic rate-matching resources would need to be used.
SSS-based EPI multiplexing would require a similar approach as assumed for TRS-EPI. The multiplexing with PDSCH could be achived through the use of dynamic rate-matching resource (e.g. rateMatchPatternGroup1/2) triggered by DCI. SSS sequence is 127 RE’s long, but as dynamic ratematching is done at PRB level, 11 PRBs would need to be reserved. Thus resource reservation would be 132 RE’s per symbol per slot. It is good to note that the support of dynamic rate matching is pending on UE capability #5-27 (rateMatchingResrcSetDynamic), thus some restrictions may apply as all Connected mode UEs do not necessarily support it. 
Observation: PDCCH-based EPI multiplexing with Connected Mode UEs is most straight forward, while with different mechanisms multiplexing of TRS-EPI and SSS-EPI with Connected mode UEs can be achieved. PDCCH-PEI would affect PDCCH capacity, while TRS- and SSS-PEI would impact to the PDSCH capacity. Resource reservation for TRS and SSS-based EPI would depend on the number of sub-groups supported per single SSS-sequence or TRS resource set. 
Depending on the number of RRC Idle/Inactive UEs, the network may utilize more than one Paging Occasion (PO) per Paging Frame (PF). If the PEI is PO-specific the network will have to send as many individual EPIs as there are POs in a paging frame. This will increase the EPI overhead and therefore it may be good for RAN1 to consider whether the EPI shall be PF-specific i.e. allow it to address multiple POs within a PF. In case of extreme paging and PDCCH load, the EPI could even address multiple PFs. 
Observation: A single EPI may address multiple POs to reduce EPI (PDCCH) indication overhead.
Considering the evaluations presented in previous section, it would be preferable if the EPI design would support information payload at least 8 sub-groups, and possibly also option to address more than one PO. Taking the 8 sub-groups as a reference point, 8 bits would be needed in DCI based EPI, and for SSS or TRS based (2^8) 256 individual sequence IDs would be needed, for similar, full, flexibility to address the sub-groups. This would increase amount of overhead considered if single TRS resource set does not support full amount of IDs. Aslo for SSS-sequence based some consideration might be needed. The UE detector complexity could also start to play a role especially for the TRS based EPI as UE would need to monitor for 128 options (in sequence and or time). Depending on the final design, further payload may need to be supported, e.g. potential TRS occasion presence/availability indication. From this perspective PDCCH-EPI would provide most flexible design.
Observation: PDCCH based EPI offers the best flexibility in terms of information payload support.
In terms of specification effort the PDCCH-PEI would appear to provide most straight forward design, through a new DCI format. For SSS and especially for TRS-based EPI, the sequence selection/mapping would need to be defined to support the information payload. In terms of forward compatibility the PDCCH-EPI would offer best extendability in a backward compatible manner. For all considered EPI designs the monitoring occasions would need to be determined. For PDCCH-based EPI this could be considered to be achieved via SS set configuration, and for TRS/SSS based schemes the monitoring slots/symbols would need to be determined. 
Observation: In terms of specification effort different EPI designs are somewhat comparable, while PDCCH based design would be most straight forward.
In terms of other aspects, TRS-EPI could offer the benefit in terms of synchronisation performance, enabling UEs to use the EPI for synchronisation. SSS-based EPI, could provide simplest receiver design, assuming that standard SSS sequence design can be re-used. It would also appear possible to support PDCCH-PEI with the existing receiver. TRS-EPI could require some changes to detector/receiver depending on the detailed design for the number of sub-groups etc. PDCCH-based would offer lowest false alarm rate for the EPI detection.
Considering the aforementioned factors, it is proposed that the EPI desing is based on PDCCH/DCI.
Proposal: Base the EPI design to PDCCH/DCI.

Other aspects
In last meeting the possibility of providing additional information via EPI was discussed. The main information elements considered were Short Message Indicator, Short Message and/or TRS/CSI-RS occasion presence indication. 
Short Message Indicator (2bits) provides information whether the paging DCI (DCI format 1_0 with CRC scrambled with P-RNTI) carries only scheduling information, only shortMessage or both. From IDLE/Inactive UE perspective all of these options would result a need for the UE to receive the paging DCI. In case only shortMessage is indicated to be provided UE could receive only the PDCCH ignoring the paging message reception. Based on the power model this would indicate 30% reduction for the actual paging reception procedure (which is <10% of the whole IDLE/Inactive power consumption). As it is not assumed that the shortMessage would be sent very frequently, it does not appear that this potential saving would realize any meaningful manner in reality. 
Similarly as considered for Short Message Indicator, including Short Message (8bits) to the EPI would not seem to offer meaningful power saving gain. Need to send systemInfoModification indication or etwsAndCmasIndication should be hopefully very infrequent occasions, and if transmitted, the impact of removing the need to receive actual paging DCI would have neglible impact to overall power consumption of the procedure (e.g. SI acquisiton).
Proposal: Neither Short Message Indicator nor Short Message are included to PEI.
Presence/availability indication for potential TRS/CSI-RS occasions was discussed in last meeting under agenda 8.7.1.2. One option considered was that the presence/avaialbility indication would be provided via EPI or paging DCI.  
Observation: If it is concuded that more frequent optional presence/availability indication than SI based is needed, EPI or paging DCI can be considered.
Conclusion
In this contribution we have presented evaluation results for the different Early Paging Indication schemes, and made following observations and proposal:
In Section 3 we presented the evaluation results and made following observations and proposals:
Observation: DCI-based EPI consistently provides the highest energy saving potential for low/medium/high SINR UEs as compared to SSS- and TRS-based EPI.
Observation: DCI-based EPI with 4-8 subgroups provide reasonable energy saving gain compared to DCI-based EPI without groups, while larger groups (16) only marginally improve.
Proposal: Agree that EPI design should support 8 sub-groups. Actual number used should be configurable by network. 
Proposal: Paging enhancements on paging DCI are not further pursued as they provide limited power saving gain. RAN1 focuses the effort to finalize the EPI design.
Proposal: Sub-grouping indication via different P-RNTIs or different time/frequency resources for paging DCI are not considered further. 
In Section 4 we discussed additional aspects related to EPI design options and made following observations and proposals:
Observation: PDCCH-based EPI multiplexing with Connected Mode UEs is most straight forward, while with different mechanisms multiplexing of TRS-EPI and SSS-EPI with Connected mode UEs can be achieved. PDCCH-PEI would affect PDCCH capacity, while TRS- and SSS-PEI would impact to the PDSCH capacity. Resource reservation for TRS and SSS-based EPI would depend on the number of sub-groups supported per single SSS-sequence or TRS resource set.
Observation: A single EPI may address multiple POs to reduce EPI (PDCCH) indication overhead.
Observation: PDCCH based EPI offers the best flexibility in terms of information payload support.
Observation: In terms of specification effort different EPI designs are somewhat comparable, while PDCCH based design would be most straight forward.
Proposal: Base the EPI desing to PDCCH/DCI.
Furthermore, in Section 5 we discussed about other possible information in PEI, and made following proposal and observation:
Proposal: Neither Short Message Indicator nor Short Message are included to PEI.
Observation: If it is concuded that more frequent optional presence/availability indication, that SI based is needed, EPI or paging DCI can be considered.
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