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Introduction
In WID “Objectives for Rel-17 UE Power Saving Enhancement” (RP-200938 RAN-#88e), it was agreed to further study and specify enhancements for NR SA deployments both for eMBB and Reduced Capability NR devices in idle/inactive mode. In this contribution we aim to address the  paging related area outlined in the WID 
“ a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1] ”
for which the following agreements were made as per RAN1#102e:
· “New types/patterns of TRS/CSI-RS are not introduced specifically for idle/inactive mode UE”
and the following agreements were made as per RAN1#103e:
“ For NR idle/inactive-mode paging enhancement, paging early indication before paging occasion is supported from RAN1 perspective
· FFS: Physical layer design based on DCI, SSS or TRS/CSI-RS 
· Send LS to inform RAN2 and kindly ask RAN2 to inform RAN1 if there is anything that RAN1 should take into consideration in the physical layer design for this feature, including any other progress RAN2 has made in this WI which may has RAN1 impact 

For NR idle/inactive-mode UEs with 10% group paging rate, paging early indication without UE sub-grouping can achieve the following power saving gains w.r.t. Rel-16:
· [0%] - [22.8%] where the baseline assumes 1 SS burst for synchronization before PO reception 
· Note: [0%] means UE can apply the baseline behavior if the time offset between the utilized SS burst and PO is small.
· [5.0%] - [32.0%]  where the baseline assumes 2 SS bursts for synchronization before PO reception
· [10.2%] - [67.7%]  where the baseline assumes 3 SS bursts for synchronization before PO reception
The power saving gains will become lower for higher group paging rate.
The power saving gains are dependent on the assumptions about placement of PEI and PO relative to SSB.
The power saving gains may vary with different paging early indication design. “
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). When it comes to the NW power consumption, the model from [2] is assumed. Detailed evaluation assumptions for power consumption evaluation are given in Annex.

Paging early indication (PEI) physical layer design

In RAN1#103e, it was decided that the physical layer design of PEI (whether it is based on DCI, SSS or TRS/CSI-RS) is FFS. Here, we discuss several aspects relevant for deciding the format of PEI. 
One aspect is the amount of information that PEI is supposed to carry. Based on discussions in the previous meeting, at the very least, PEI is meant to optionally carry paging sub-grouping information. Furthermore, other types  of information was also discussed and different PEI signal types offer different levels of support for the payload. Conveying such payload through sequence-based (SSS/TRS/CSI-RS based) PEI implies multiple orthogonal sequences or transmission resources, at least one per group. Furthermore, depending on how much information PEI is supposed to carry and the combinations that arise from optionality of information elements carried, the number of sequences can grow exponentially. This implies that a UE, even if it only belongs to a single group, needs to search for multiple sequences for its group where different sequences carry different combinations of the information elements.
1. [bookmark: _Toc61880234][bookmark: _Toc61899498]To support multiple information elements per PEI and the combinations that arise from optionality of information elements carried, the number of sequences can grow exponentially.
1. [bookmark: _Toc61899499]A UE needs to search for multiple sequences for its group where different sequences carry different combinations of the information elements.
Even though some of the information in PEI may be common to all the UEs listening to PEI (e.g., SI/ETWS update), the same information either has to be repeated by the NW for all groups using each group’s sequence, or additional common sequences need to be designed and transmitted. As a result, in addition to increased complexity for the UEs, this comes at an extra transmission cost for the NW, especially if multiple groups are to be reached through PEI at the same time. 
For sequence-based approaches, the complexity in configuring and assigning different sequences to different UEs in a dynamic/semi-static manner may be considerable. Optionally the sequences can be designed and specified beforehand, but this leads to quite a rigid solution with extensive standardisation efforts each time new information elements are considered. 
On the other hand, if a DCI-based design is used for PEI, compared to the sequence-based counterpart, it:
· readily supports link adaptation with flexible payload size support and resource usage
· is easy to configure the contents in a dynamic manner, 
· has lower standardization effort (reuse existing WUS and PDCCH framework),
· has less impact on UE and the NW both in terms of power, complexity and consumed resources when multiple groups are addressed simultaneously and/or including various information elements,
· per transmission consumes less NW power (e.g PDCCH is carried in smaller number of symbols (2) vs 4 symbols for TRS) compared to e.g. a wideband TRS transmission over consecutive slots, 
· has minimum impact on other ongoing user data traffic as PDCCH is easily rate-matched around (discussed further below) ,
· is possible to extend in the future 
1. [bookmark: _Toc61899500]A DCI-based PEI, compared to the sequence-based, can carry more information, is future extendable, brings configurable dynamic contents, has lower standardization effort.
1. [bookmark: _Toc61899501]A DCI-based PEI, compared to the sequence-based, has less impact on UE and the NW both in terms of power, complexity and consumed resources when multiple groups are addressed simultaneously and/or including various information elements.
[bookmark: _Toc61816690]
In WID “Objectives for Rel-17 UE Power Saving Enhancement” (RP-200938 RAN-#88e), it is stated that the enhancements should have no impact on legacy UEs. In our view, the effect of sequence-based signal on legacy UEs requires considerable investigation efforts. For example, an SSS-based PEI transmission may impact/confuse legacy UEs during cell search. Alternately, if a CSI-RS/TRS based PEI is introduced, its impact on other UEs user data traffic needs further investigation. Compared to DCI-based PEI that can be limited to Coreset#0, these sequences typically cover the whole cell/initial BWP BW and would conflict with the resource element used to schedule traffic for other UEs. This leaves two options: 
· RAN1 would need to introduce new CSI-RS/TRS design with denser structures (REs/RB) to match the reliability of PDCCH transmission. This implies high standardization impact, not only on UE supporting PEI, but also to address potential rate-matching issues.
· RAN1 would keep the existing sequence structures, but 
· Puncture other user traffic. But then this would have high traffic/KPI impact (both on legacy and new UEs) especially at higher paging rates and/or if multiple sequences are transmitted addressing multiple groups with multiple information elements.
· Rate match other user traffic around these sequences. However, this would mean that all UEs in connected mode, including pre-Rel-17, would have to be aware of the resources reserved for potential PEI transmission. There would still be negative impact on user traffic when multiple sequences are potentially transmitted, large standardization efforts would be necessary, and further investigation would be needed to identify whether it would be possible to inform legacy UEs of the resources without increasing overhead.
[bookmark: _Toc61816693]The effect of sequence-based signal on legacy UEs requires considerable investigation efforts. Examples of investigation areas are effect of SSS-based PEI legacy UEs during cell search, impact of CSI-RS/TRS based PEI on other UEs user data traffic, etc.
Another aspect that needs consideration in PEI format design is its reliability. It is important that PEI transmission has negligible effect on the paging failure rate. For successful reception, both the PEI and the paging PDCCH need to be successfully detected. If paging transmission configuration is kept unchanged, to avoid aggregate performance degradation, the PEI failure rate (probability of missed detection) needs to be significantly below the paging PDCCH BLER, especially when PEI addresses multiple groups/POs. As addressed above in relation to sequence-based PEI, CSI-RS/TRS sequences are too sparse both in time and frequency and would need considerable densification per PRB to match the number of REs used for a DCI, and introducing such new patterns solely for the purpose of idle mode UE is not preferable. Further, as part of RAN#102e agreements, no new TRS/CSI-RS patterns are to be introduced specifically for idle more UEs:
RAN2#102e agreement: “New types/patterns of TRS/CSI-RS are not introduced specifically for idle/inactive mode UE”
1. [bookmark: _Toc61899502]With respect to PEI reliability, CSI-RS/TRS sequences are too sparse both in time and frequency and would need considerable densification per PRB to match the number of REs used for a DCI (e.g. using AL8 or AL16).
1. [bookmark: _Toc61880240][bookmark: _Toc61899503]Design of new TRS/CSI-RS patterns for idle/inactive UEs would be against existing RAN1 agreements (RAN#102e), stating that no new patterns are to be introduced for idle more UEs: 
“New types/patterns of TRS/CSI-RS are not introduced specifically for idle/inactive mode UE”

A DCI-based solution on the other hand is fully flexible and adaptable per deployment and per transmission occasion through possibility to vary the PDCCH aggregation level. See below table for a DCI of various sizes and different aggregation levels at different SNR levels conforming to 1% BLER for UEs with 4 Rx and 2Rx with frequency error offset of +/- 2kHz.  
Table 1. Required SNR for PDCCH based PEI BLER 1% at different payload sizes and ALs for UEs with 2Rx resp 4Rx. The freq. offset is -2kHz to +2kHz
	
	UE with 4 Rx
	UE with 2 Rx

	Payload (bits)
	SNR for 1% BLER (dB)
	SNR for 1% BLER (dB)

	
	AL8
	AL16
	AL8
	AL16

	8
	-9.5
	-11
	-6.3
	-8

	16
	-8.9
	-10.6
	-5.6
	-7.5

	32
	-8
	-9.9
	-4.7
	-6.5
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1. [bookmark: _Toc61816698][bookmark: _Toc61816808][bookmark: _Toc61816699][bookmark: _Toc61816809][bookmark: _Toc61816700][bookmark: _Toc61816810][bookmark: _Toc61899504]A DCI-based PEI solution has high reliability, with the reliability level adaptable per deployment and per transmission occasion through possibility to vary the PDCCH aggregation level.
Based on the analysis above, we believe that DCI-based design is the simpler, more efficient, and more robust choice for PEI design. 
1. [bookmark: _Toc61899508]Physical layer design for PEI is based on PDCCH DCI.

DCI-based PEI format

DCI based scheme should reuse the 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. The UE would then detect presence of PEI addressed for it using CRC masked by a specific RNTI. 
The number of bits used for payload of PEI is not yet known, e.g., whether subgrouping information is carried in PEI and, if so, the number of paging groups used and the need dynamics for various deployments and current paging load. Furthermore, other types of information such as ETWS/SI change notification is being discussed and further information as payload in near future is possible. Therefore, a futureproof and flexible option is to have configurable PEI DCI like WUS DCI, including a flexible multiplexing of information for multiple UEs in a single DCI with a configurable RNTI. 
1. [bookmark: _Toc7813649][bookmark: _Toc61899509]In order to facilitate dynamics in PEI, the number of information bits conveyed by PEI is configurable between 1 and a maximum value PEImax (FFS on PEImax).
1. [bookmark: _Toc7813650][bookmark: _Toc61899510][bookmark: _Hlk61081429]For the PEI DCI, the RNTI used for CRC masking is configured via higher layers.
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  [3] as part of previous meeting. 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 contribution stems from 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.
1. [bookmark: _Toc61899505][bookmark: _Toc54381099]To maintain scheduling flexibility for the NW, PEI transmissions cannot be guaranteed to be in conjunction/adjacent to other transmission. 
It shall be noted 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. From the NW perspective it is important that PEI design includes tools that help the NW to minimize such negative impact mentioned above, especially at higher paging rates. One such tool is the possibility for the NW to associate one PEI with multiple POs and/or paging groups. Another such tool would be related to controlling the action that the UE shall take in presence/absence of PEI. Otherwise without such tools, once PEI is configured, the NW has no other choice than transmitting PEIs in order to guarantee high paging performance. Such doubling of consumed resources (PEI-PDCCH in addition to PO-PDCCH) would lead to unacceptable blockage of other traffic during periods of high paging load. 
1. [bookmark: _Toc61880244][bookmark: _Toc61432108][bookmark: _Toc61432158][bookmark: _Toc61432205][bookmark: _Toc61432228][bookmark: _Toc61432252][bookmark: _Toc61432276][bookmark: _Toc61432320][bookmark: _Toc61432354][bookmark: _Toc61432378][bookmark: _Toc61432406][bookmark: _Toc61432448][bookmark: _Toc54381101][bookmark: _Toc61899506]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.
1. [bookmark: _Toc61899507]A one-to-many mapping scheme between a PEI and multiple POs can provide multiplexing gain and reduce system overhead compared to a one-to-one mapping scheme.
[bookmark: _Toc61899511]PEI design supports associating one PEI DCI with multiple POs and/or paging groups.
RAN1 needs to discuss the specific actions the UE takes with respect to a PO PDCCH and PDSCH respectively when PEI (or absence of PEI) indicates no paging. Then main argument 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. Therefore, even if PEI (or absence of it) indicates no paging, the UE could 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 provide information that is common to legacy UEs and to PEI consuming UEs (such as ETWS/SI updates) 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/PDSCH processing when no paging is indicated by PEI can be configurable, like connected mode WUS (e.g. via ps-WakeUp configured via higher layers).
[bookmark: _Toc61899512]RAN1 to discuss UE behavior w.r.t. PO PDCCH when PEI (or absence of it) indicates no paging, including whether the UE behavior towards PO PDCCH processing when no paging is indicated by PEI can be configurable.
As agreed during the last meeting, UEs may depending on given SNR level need up to 3 SSBs prior to PO PDSCH for proper reception of the paging 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. Furthermore, as mentioned earlier, the PEI transmissions by the NW cannot be guaranteed to be in conjunction or adjacent to other transmissions. The UE power consumption effects of different PEI monitoring occasions/window sizes and different offsets to adjacent SSB are outlined in two examples shown in Figure 1. 
As summarized in Figure 2 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. 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 this, we think that PEI can reuse the connected mode WUS principles with Coreset and Search Space configurations used for configuring PDCCH monitoring for the UE. Also, for the same flexibility reasons, the distance between these PEI monitoring occasions (PEI MOs) and the corresponding paging occasion (PO) should also be configurable. 
Since PEI is also DCI-based, it should also be possible to use the Paging DCI intended for one group of UEs in one PO to form a PEI for other groups of UEs in another PO. This can be done by using the reserved bits of DCI format 1_0 with CRC scrambled by P-RNTI as PEI for future POs. This is especially beneficial for low payload PEI. DCI-based PEI design can enable such reuse with configurable payload, RNTI, and appropriate search space configuration.

[image: ]
[bookmark: _Ref61431786]Figure 1: 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 2: Shows the UE power profile for the three cases depicted in Figure 1 (same color-coding).
1. [bookmark: _Toc61899513]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: _Toc61899514]PO-specific configuration of the PEI includes an offset from PO ranging at least up to 3 SBBs prior to PO and includes a window of PEI monitoring occasions during which the UE searches for PEI.
1. [bookmark: _Toc61899515]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.
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, leading to that the UE does not decode PEI, the UE shall for that PO fall back to regular PO reception as per legacy. Since UE is not monitoring any scheduling DCI simultaneously, the BDs/CCEs/DCI budgets for PEI do not need to be shared with UE’s scheduling DCI in any case. This is also much simpler if PEI is included in paging DCI.
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: _Toc61364570][bookmark: _Toc61364582]Conclusion
In previous sections, the following observations and proposals were made: 

Observation 1	To support multiple information elements per PEI and the combinations that arise from optionality of information elements carried, the number of sequences can grow exponentially.
Observation 2	A UE needs to search for multiple sequences for its group where different sequences carry different combinations of the information elements.
Observation 3	A DCI-based PEI, compared to the sequence-based, can carry more information, is future extendable, brings configurable dynamic contents, has lower standardization effort.
Observation 4	A DCI-based PEI, compared to the sequence-based, has less impact on UE and the NW both in terms of power, complexity and consumed resources when multiple groups are addressed simultaneously and/or including various information elements.
Observation 5	With respect to PEI reliability, CSI-RS/TRS sequences are too sparse both in time and frequency and would need considerable densification per PRB to match the number of REs used for a DCI (e.g. using AL8 or AL16).
Observation 6	Design of new TRS/CSI-RS patterns for idle/inactive UEs would be against existing RAN1 agreements (RAN#102e), stating that no new patterns are to be introduced for idle more UEs:  “New types/patterns of TRS/CSI-RS are not introduced specifically for idle/inactive mode UE”
Observation 7	A DCI-based PEI solution has high reliability, with the reliability level adaptable per deployment and per transmission occasion through possibility to vary the PDCCH aggregation level.
Observation 8	To maintain scheduling flexibility for the NW, PEI transmissions cannot be guaranteed to be in conjunction/adjacent to other transmission.
Observation 9	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 10	A one-to-many mapping scheme between a PEI and multiple POs can provide multiplexing gain and reduce system overhead compared to a one-to-one mapping scheme.

Proposal 1	Physical layer design for PEI is based on PDCCH DCI.
Proposal 2	In order to facilitate dynamics in PEI, the number of information bits conveyed by PEI is configurable between 1 and a maximum value PEImax (FFS on PEImax).
Proposal 3	For the PEI DCI, the RNTI used for CRC masking is configured via higher layers.
Proposal 4	PEI design supports associating one PEI DCI with multiple POs and/or paging groups.
Proposal 5	RAN1 to discuss UE behavior w.r.t. PO PDCCH when PEI (or absence of it) indicates no paging, including whether the UE behavior towards PO PDCCH processing when no paging is indicated by PEI can be configurable.
Proposal 6	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 7	PO-specific configuration of the PEI includes an offset from PO ranging at least up to 3 SBBs prior to PO and includes a window of PEI monitoring occasions during which the UE searches for PEI.
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.
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Annex: Assumptions for IDLE UE power consumption
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
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