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Introduction
In this contribution we address the paging related area outlined in the WID, including our views on PEI design. 
“ a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1] ”

Discussion 
In this paper, 3GPP TR 38.840 [1] is used as the source for UE power consumption model with adjustments agreed in RAN1#102-e (power scaling to 20MHz). Furthermore, the conclusion from RAN meeting #93-e [2] is used as the source for design of PDCCH-based PEI.
PDCCH based Paging early indication (PEI) design

In RAN#93-e, following conclusion was made, 
Conclusion:
· Support PDCCH-based PEI as the only option
· Only essential function for PEI is support
· New DCI format
· Higher layer configuration, including SS
· Details of the procedures of PEI monitoring, and identification of MOs before PO
· Only Behv-A (per RAN1#104e agreement) is supported 
· If TRS availability indication is agreed to be supported in both paging DCI and the DCI format for PEI, same mechanism/principle for TRS availability indication is adopted for the two DCI formats
· Supporting TRS availability indication in DCI format for PEI shall not delay the completion of essential functionality of PEI

also, at previous meetings, RAN1 made below agreement 
Agreement:
For UE subgroups indication in physical layer, maximum of 8 subgroups per PO is supported.
and here, we discuss several aspects relevant for deciding the design of a PDCCH-based PEI.
The paging subgroups mentioned above would be assigned to the UEs by the NW either randomly or based on UE individual characteristics, such as, UE type (e.g., RedCap, eMBB), UE mobility patterns, paging probability, etc. When more than one subgroup is to be paged in a PO simultaneously, we think it is important to be able to page UEs of these subgroups efficiently with minimized false paging risk for the other subgroups. Limiting the bits addressing subgroups in PEI too aggressively will lead to invocation of UEs of all subgroups too often. Furthermore, especially for deployments with high paging rates and/or with multi-beam, one-to-many PEI-PO configurations become a necessary tool for the NW to avoid excessive resource waste on PEI transmissions. We think a one-to-many PEI configuration should at least be able to address four consecutive POs. These POs need not necessarily be associated to the same paging frame, but they should also not address POs across a UEs DRX cycle in order to avoid excessive paging delay. In each PO, we should be able to address at least 8 subgroups, so potentially up to 32 bits in the DCI (or so) may be considered. However, there should be a balance between number of bits used and how large the risk of false invocation is. In our opinion, at least 12 bits would be needed in PEI to address subgroups efficiently, e.g., 4 or more bits for pointing out the addressed POs, and up to 8 bits for the subgroups within the PO. The meaning of these bits shall be configurable and assigned per deployment. Figure 1 exemplifies a one-to-one PEI-PO configuration in which 8 subgroups are supported by 8-bit addressing. In this example the subgroups may be invoked individually and simultaneously. 


[bookmark: _Ref83632521]Figure 1: Example of PEI configuration and contents for one-to-one PEI-PO mapping and addressing 8 subgroups. 8 subgroups are adressed by 8 bits and may be individually and simultaneously addressed.
Figure 2 exemplifies a one-to-many PEI-PO configuration in which 8 subgroups are supported. In this example 4 bits are used for addressing 4 POs individually. Here, the NW aims to page UEs of different subgroups in different POs, e.g., subgroups 1 and 8 in PO_1 and subgroup 3 in PO_4. As a result, a total of 12  bits are used for PO and subgroup addressing to allow for a rather compact PEI design, rather than 32 bits that would have been necessary for individual addressing. This may result in that the same subgroups (1,3, and 8) are invoked in both addressed POs, but we still find it as a good compromise between number of bits used and number of UEs invoked.


[bookmark: _Ref83632641]Figure 2: Example of PEI configuration and contents for one-to-many PEI-PO mapping and addressing 8 subgroups. 4 POs are adressed by 4 bits and may be individually and simultaneously addressed. However since 4 bits are used for PO adressing, the same subgroups are invoked in addressed POs.
It is noteworthy that in certain deployments, fewer or no subgroups may be used even though PEI is used. In order to not waste bits, a PEI design shall therefore allow for efficient and configurable usage of bits. For example, 0 bits may be assigned to the subgrouping part of PEI in which case all UEs decoding the PEI shall wake up for paging decoding at the intended PO.
1. [bookmark: _Toc84009769]In deployments where subgrouping is not used, no bits shall be wasted on subgrouping information. 
1. [bookmark: _Toc84009783]When subgrouping is not used, PEI presence invokes all UEs at the addressed PO. 
1. [bookmark: _Toc84009770]In deployments of high paging rate, in order to avoid excessive false paging during simultaneous paging of more than one subgroup, PEI should support addressing individual subgroup invocation.
1. [bookmark: _Toc84009784] PEI supports addressing individual subgroup invocation (i.e., up to 8 bits, one per each of maximum 8 subgroups in a PO). 
1. [bookmark: _Toc84009771]In deployments of high paging rate and/or multi-beam, one-to-many PEI configuration is a necessary tool for the NW for avoiding excessive resource usage. 
1. [bookmark: _Toc84009785]PEI supports addressing subgroups of up to 4 consecutive POs (i.e., in addition to the up to 8 bits used for subgroups).
1. [bookmark: _Toc84009786]For one-to-many PEI configuration, up to 32 bits (configurable) are used for addressing UEs in up to 4 consecutive POs.
1. [bookmark: _Toc84009787]For one-to-many PEI configuration, PEI may address POs associated with different paging frames but not address POs across multiple number of a UEs DRX cycle.

In order to not waste bits unnecessarily in deployments where low paging rate is expected (few subgroups/one-to-one configured), the number of subgroups, the subgroup/PO addressing bits shall be configurable (both number of bits and their meaning).
1. [bookmark: _Toc84009788]The subgroup/PO addressing bits in the PEI shall be configurable (both number of bits and their meaning).
[bookmark: _Toc61816690]For an efficient PDCCH resource utilization, PEI design shall allow that unnecessary wastage can be circumvented by multiplexing the PDCCH-based PEI into PDCCH region. RAN1 made below observation in RAN1#105-e. 
Agreement:
Observation:
Dynamically sharing PDCCH resources of Rel-15 UEs (whether or not this is an important aspect to consider for PEI is FFS)
· For PDCCH-based PEI, 
· PEI can dynamically share resources with PDCCH for Rel-15 UEs within a PDCCH CORESET at granularity of one or more candidates 
· Exact number of multiplexed/impacted Rel-15 PDCCH candidates depends on AL used for PDCCH-based PEI and relative size of PDCCH CORESET, etc.

According to 3GPP 38.212 (7.3.1), the total number of different DCI sizes configured for a UE to monitor is up to 4 for the cell. Since basic Rel-15/16 UE capability supports Coreset 0 + an extra UE-specific Coreset, there is already a possibility to create an extra Coreset for idle mode UEs. This extra Coreset can be used to configure any narrow or dedicated Coreset for PEI-PDCCH, that may be partially or fully overlapping with Coreset 0, or the Coreset 0 itself can be used for PEI. 
DCI based PEI should reuse important principles from connected WUS since they have a similar purpose. Like WUS, PEI would then use a DCI size of minimum 1 bit as the baseline reusing the same coding chain. Having the possibility to transmit a DCI with a single bit allows for PEI decoding via simpler UE receivers, still with high performance as shown in [3]. Such single-bit PEI can be used in deployments where no paging subgrouping is necessary and/or deployments where certain UE types (e.g., RedCap) or subgroups are of majority. Furthermore, with a small payload, up to number of available reserved bits in paging PDCCH (currently 6 bits reserved in DCI1_0 with CRC scrambled with P-RNTI + 5 reserved bits in short message) the NW can, if same RNTI is used for scrambling PEI and paging, multiplex the PEI on top of the paging DCI and thereby avoid extra PEI-related PDCCH transmissions. In other words, in existing PDCCH transmissions associated with a certain UEs PO, the NW can multiplex transmission of PEI relevant for another UE’s PO. This is exemplified in Figure 3.


[bookmark: _Ref83726446]Figure 3: Shows UE2’s timeline with respect to PEI and PO. The PEI for UE2 is multiplexed on UE1’s PO PDCCH. UE2 is not aware of the multiplexing, however from NW perspective the same resources and occasion is used for transmitting PDCCH PO for UE1 and PDCCH PEI for UE2. 
Like WUS, PEI should have a configurable RNTI to allow such multiplexing. The UE would then detect presence of PEI addressed for it using CRC masked by the configured RNTI.
1. [bookmark: _Toc84009772]Use of reserved bits in paging DCI (as a PDCCH-PEI) in one PO as paging early indication for UEs in one or more groups in other POs can further reduce PEI signalling overhead.
1. [bookmark: _Toc84009789]For the PEI DCI, the RNTI used for CRC masking is configured via higher layers.
1. [bookmark: _Toc84009790]PEI design should allow the use of reserved bits in paging DCI in one PO as paging early indication for UEs in one or more groups in other POs.
Apart from the configuration dynamics needed for subgrouping information addressed earlier, for the sake of other types of information such as TRS presence and potential future payload, a futureproof and flexible option is desirable. Therefore, we propose to have configurable PEI DCI framework, like WUS DCI in which the content is flexibly configured. 
1. [bookmark: _Toc7813649][bookmark: _Toc84009791]Following information and corresponding locations within the PEI DCI needs to be configurable:
- Number of subgroups per PO
- Number of POs addressed (if 1-to-many)
- TRS availability
Since PEI is to be monitored in RRC Idle/inactive states, we think the configuration of PEI may be provided through system information, where one configuration is applicable to all POs of the cell. The NW may then according to SI update procedures turn PEI on/off at any point in time.
1. [bookmark: _Toc84009792]If PEI is supported/used by the cell, its configuration is provided via broadcast system information. The configuration is applicable to all POs of the cell and may be updated through existing SI update mechanisms.
As agreed during the previous meetings, UEs may, depending on given SNR level, need up to 3 SSBs prior to PO PDSCH for proper reception of the paging PDSCH message.  From the NW point of view, the given SNR levels for specific UEs are not known in idle mode. However, the NW may have knowledge of expected cell edge SNR levels for various deployments. Based on this knowledge the NW needs to be able to configure a suitable offset between PEI and corresponding PO. From the UE power consumption perspective, given the average 10% paging rate scenario, the UE can at 90% of the time in idle mode immediately go back to deep sleep after PEI decoding regardless of PEI location with respect to PO. 
1. [bookmark: _Toc84009773]From the UE power consumption perspective, at average 10% paging rate, the UE can at 90% of the time in idle mode immediately go back to deep sleep after PEI decoding regardless of PEI location with respect to PO.
Another aspect to consider with respect to PEI design is the impact it has on the NW and system resources. The NW activity timelines for two cases (legacy case and case with PEI) was studied in  [4] as part of previous meetings. As shown there, compared to the legacy paging, the impact of PEI transmission on the NW is an increase by ~20% in terms of relative power difference where the main contributing factor is additional transitions from and to sleep states. It shall be noted that to maintain flexibility from the NW side, the PEI transmissions cannot be guaranteed to be in conjunction with or adjacent to other transmissions and hence such transitions cannot be avoided.
1. [bookmark: _Toc54381099][bookmark: _Toc84009774]PEI transmissions should not be restricted to be in conjunction/adjacent to other transmission.
The UE receiver activity of different PEI monitoring occasions/window sizes and different offsets to adjacent SSB are outlined in two examples shown in Figure 4. As summarized in Figure 5, the power consumption effect of different PEI locations and monitoring occasions are quite negligible and, considering the flexibility it brings to the NW transmission and resource utilization, configurability is worthwhile.[image: ]
[bookmark: _Ref61431786]Figure 4: Depicts UE’s timelines for UE in low SNR in need of 3 SSBs prior to PO PDSCH decoding. Top sub-figure depicts the legacy (reference) case without PEI. The middle sub-figure depicts PEI transmission occasion window of 1 slot, 4ms after its adjacent SSB.
 [image: ]
[bookmark: _Ref61431690]Figure 5: Shows the UE power profile for the three cases depicted in Figure 4 (same color-coding).
Therefore, to maintain flexibility from the NW side, there should be a configurable window of occasions for PEI transmission (like connected mode WUS) during which the UE tries to decode PEI. For the same flexibility reasons, the distance between these PEI monitoring occasions and the corresponding paging frame (PF) associated with the PO should also be configurable. For this, we think that PEI can reuse the connected mode WUS principles with Coreset and Search Space configurations used for configuring PEI PDCCH monitoring occasions for the UE. Note that in case of one-to-one PEI, and if multiple POs are associated with the same PF, then one PEI Search Space configuration is provided per PO, see Figure 6. On the other hand, for a one-to-many PEI, the same PEI Search Space configuration can be configured for all POs associated with the same PF, see Figure 7.


[bookmark: _Ref83818394]Figure 6: Shows one-to-one PEI configurations for two POs associated with the same paging frame.


[bookmark: _Ref83818406]Figure 7: Shows a common one-to-many (1-to-2) PEI configuration for two POs associated with the same paging frame.
1. [bookmark: _Toc84009793]Search space for PEI PDCCH monitoring can be configured separately from or can be same as one of the existing search spaces configured for PDCCH monitoring in Idle/inactive. 
1. [bookmark: _Toc7813653][bookmark: _Toc84009794]PO-specific configuration of the PEI search window includes an offset from the paging frame (PF) associated with the PO ranging at least up to 3 SSBs prior to PF and includes a window of PEI monitoring occasions during which the UE searches for PEI.
In multi-beam deployments, similar to PO transmission, the PEI transmission is repeated in  all transmitted beams. Similar to PO, a PEI occasion for a certain PO is a set of S consecutive occasions where S is the number of actual transmitted SSBs.
RAN1 needs to discuss the specific actions the UE takes with respect to a PO PDCCH and PDSCH respectively when PEI (i.e., absence of PEI) indicates no paging. The main discussed benefit for PEI has so far been related to the savings brought to UE avoiding processing multiple SSBs for proper PDSCH reception when there is no paging PDSCH. Therefore, even if PEI indicates no paging, the UE could/should still decode the corresponding PO PDCCH and benefit from considerable savings from not having processed SSBs for the sake of PO PDSCH. From the NW point of view, through such mechanism, it would not need to transmit PEI or provide information that is common to legacy UEs and to PEI consuming UEs (such as etwsAndCmasIndication/systemInfoModification) twice, once in PEI and once in PO. Also, this mechanism could be used for achieving higher reliability in which case the UE would through always decoding PO PDCCH detect potential missed PEI reception. Potentially, the UE behavior towards PO PDCCH processing when no paging is indicated by PEI can be configurable.
[bookmark: _Toc84009795]RAN1 to discuss UE behavior w.r.t. PO PDCCH monitoring (e.g. to acquire ETWS/CMAS/SI updates) even when UE determines that PEI indicates no paging in corresponding PO. Potentially, this behavior could be configurable by the NW.
In the use case of PEI as the PO wakeup signal, the PEI would typically be sent when UE is not actively decoding PDCCH. In case of collision with other activity, rendering the UE unable to perform PEI decoding (for example when entering the cell in-between the PEI and PO occasion), the UE shall for that PO fall back to regular PO reception as per legacy procedures. 
If PEI is not detected in a PEI MO, this can be due to NW not sending PEI command or UE missing the PEI. The missed PEI case affects the paging failure rate negatively. To avoid such situations, it should be possible for the NW to instruct the UE to adapt its PEI monitoring scheme based on fluctuating channel conditions and also as a fallback UE should monitor some search spaces/PDCCH related to PO even when PEI is not detected or not indicating any paging presence. 
[bookmark: _Toc84009796]In case of collision with other activity, rendering the UE unable to perform PEI decoding (for example when entering the cell in-between the PEI and PO occasion), the UE shall for that PO fall back to regular PO monitoring as per legacy procedures. 
1. [bookmark: _Toc84009797]RAN1 to discuss other scenarios (e.g., fluctuating channel conditions) for which the UE falls back to regular PO reception as per legacy procedures. 
[bookmark: _Toc61364570][bookmark: _Toc61364582]
[bookmark: _Hlk83889356][bookmark: _Hlk83889312]
Conclusion
[bookmark: _Hlk83889481]In previous sections, the following observations and proposals were made: 

Observation 1	In deployments where subgrouping is not used, no bits shall be wasted on subgrouping information.
Observation 2	In deployments of high paging rate, in order to avoid excessive false paging during simultaneous paging of more than one subgroup, PEI should support addressing individual subgroup invocation.
Observation 3	In deployments of high paging rate and/or multi-beam, one-to-many PEI configuration is a necessary tool for the NW for avoiding excessive resource usage.
Observation 4	Use of reserved bits in paging DCI (as a PDCCH-PEI) in one PO as paging early indication for UEs in one or more groups in other POs can further reduce PEI signalling overhead.
Observation 5	From the UE power consumption perspective, at average 10% paging rate, the UE can at 90% of the time in idle mode immediately go back to deep sleep after PEI decoding regardless of PEI location with respect to PO.
Observation 6	PEI transmissions should not be restricted to be in conjunction/adjacent to other transmission.
[bookmark: _Hlk83889439]Proposal 1	When subgrouping is not used, PEI presence invokes all UEs at the addressed PO.
Proposal 2	PEI supports addressing individual subgroup invocation (i.e., up to 8 bits, one per each of maximum 8 subgroups in a PO).
Proposal 3	PEI supports addressing subgroups of up to 4 consecutive POs (i.e., in addition to the up to 8 bits used for subgroups).
Proposal 4	For one-to-many PEI configuration, up to 32 bits (configurable) are used for addressing UEs in up to 4 consecutive POs.
Proposal 5	For one-to-many PEI configuration, PEI may address POs associated with different paging frames but not address POs across multiple number of a UEs DRX cycle.
Proposal 6	The subgroup/PO addressing bits in the PEI shall be configurable (both number of bits and their meaning).
Proposal 7	For the PEI DCI, the RNTI used for CRC masking is configured via higher layers.
Proposal 8	PEI design should allow the use of reserved bits in paging DCI in one PO as paging early indication for UEs in one or more groups in other POs.
Proposal 9	Following information and corresponding locations within the PEI DCI needs to be configurable: - Number of subgroups per PO - Number of POs addressed (if 1-to-many) - TRS availability
Proposal 10	If PEI is supported/used by the cell, its configuration is provided via broadcast system information. The configuration is applicable to all POs of the cell and may be updated through existing SI update mechanisms.
Proposal 11	Search space for PEI PDCCH monitoring can be configured separately from or can be same as one of the existing search spaces configured for PDCCH monitoring in Idle/inactive.
Proposal 12	PO-specific configuration of the PEI search window includes an offset from the paging frame (PF) associated with the PO ranging at least up to 3 SSBs prior to PF and includes a window of PEI monitoring occasions during which the UE searches for PEI.
Proposal 13	RAN1 to discuss UE behavior w.r.t. PO PDCCH monitoring (e.g. to acquire ETWS/CMAS/SI updates) even when UE determines that PEI indicates no paging in corresponding PO. Potentially, this behavior could be configurable by the NW.
Proposal 14	In case of collision with other activity, rendering the UE unable to perform PEI decoding (for example when entering the cell in-between the PEI and PO occasion), the UE shall for that PO fall back to regular PO monitoring as per legacy procedures.
Proposal 15	RAN1 to discuss other scenarios (e.g., fluctuating channel conditions) for which the UE falls back to regular PO reception as per legacy procedures.
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